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EXTRACT FROM PREFACE TO VOLUME 1 


IT is in those branches of natural science which border older-established 
disciplines that the need for critical survey reviews of progress has become 
greatest. This has arisen partly because subjects such as geochemistry and 
geophysics fringe and overlap so many other fields and partly because they 
are at present vigorous growing points in science. A principal aim of the 
annual series, Physics and Chemistry of the Earth, will be to provide authorita- 
tive and up-to-date surveys of progress for those actively engaged in geophysics 
and geochemistry. But it is hoped also that much of what is written will 
encourage the interest of the chemist and physicist in a study of our planet, 
not merely for its own sake, but because such a study often turns out to be of 
benefit to physics and chemistry. Another aim is to acquaint the geologist 
with the results and methods of geophysics and geochemistry, particularly as 
progress in earth science has been hindered by some lack of liaison between 
different groups. 

The subject-matter coming under the heading of Physics and Chemistry of 
the Earth is vast and only a limited number of topics can be considered in a 
given volume; in general, an attempt will be made to provide a balanced 
variety of topics with roughly equal emphasis on chemistry and physics. 


July 1957 L. H. AHRENS 
F. PREss 
K. RANKAMA 
S. K: RUNCORN 
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The 4-metre rotating tank apparatus recently constructed at Woods Hole for study of the primary 
ocean circulations. 

The central white area is the 4-metre (13-12-ft) working surface. This is surrounded by a dry 
annulus 1-5 ft wide which provides buoyancy and stability as the rotor floats in the water-filled 
concrete stator tank some 2 ft deep by 20 ft in diameter. The cylinders in the foreground are 
10-kg (22-2-lb) weights which are placed in the dry annulus to increase the draft of the rotor and 
permit a suitable volume of water to flood the working surface. Since the weight of water on the 
working area is equal to the total dead weight added to the dry annulus of the rotor the volume 
of water on the working surface is known for each experiment. The working surface drains dry 
when these weights are removed. A ring of fluorescent lights provides shadowless illumination 
without appreciable heat so that the progress of experiments can be recorded continuously by 
cameras mounted on top of the tripod which straddles the working surface. Infra-red heaters 
are mounted over the perimeter of the working surface on a circular frame which also carries 
the compressed air manifolds and auxiliary blowers for reproducing the planetary wind fields. 





AN EXPERIMENTAL APPROACH TO PROBLEMS 
IN PHYSICAL OCEANOGRAPHY* 


By WILLIAM S. VON ARX 


INTRODUCTION 


STupy of marine circulations with the aid of laboratory models is a relatively 
new part of physical oceanography that has come into use with the growth of 
interest in synoptic problems. This interest has arisen partly through the develop- 
ment of rapid measuring devices for use on moving ships and aircraft, and partly 
through the success of some mathematical theories. The observed motion of the 
sea is so complicated and the mathematical descriptions so bare of details that 
firm connections between the two are hard to find. In some ways experimental 
laboratory models seem capable of providing a useful middle ground. Two 
quite different experimental approaches are possible: one favours mathematical 
conceptions and deals with the behaviour of fluids under the influence of isolated 
forces, and the other (with which this article is concerned) favours observa- 
tional syntheses and deals with fundamental forces combined so as to produce 
simplified analogues of nature. The study of analogues has an element of sub- 
jectivity, for with each important change of scale there is a different set. of 
fundamental forces at work. Three size categories are discussed, but with 
emphasis on the planetary scale. 

These three categories can be distinguished by the predominant manner in 
which the pressure gradient forces, common to all, are opposed, namely: (1) by 
friction, (2) by a combination of friction and inertial effects due to the earth’s 
rotation—Coriolis force, and (3) by the Coriolis force alone. In a broad way the 
first applies to small-scale flow in rivers, narrow estuaries and some lakes; the 
second to marginal and mediterranean seas and some large lakes; and the third 
to oceans and ocean systems. The three cases can be characterized more or less 
as shown in Table 1. 

The small-scale circulations in shallow water near land are influenced mainly 
by the forces due to tides, local wind stress, river flow, stratification, and bottom 
and internal friction. In most instances flow is accelerated down the resultant of 
one or more temporary or fluctuating pressure gradients and is retarded by 
nearly opposed frictional forces. The characteristic complexity of inshore flow 
patterns arises from the manner in which these pressure patterns are combined, 
and the inertial lag in the response of the water motion to them. Such areas are 
ordinarily studied by means of Froude models if the flow is predominantly 
influenced by gravitational forces, Reynolds models if internal friction pre- 
dominates, and much less often in models based on a combination of the two. 
Oceanographic modelling procedures appropriate to this scale are based on 
hydraulic engineering conventions but are extended to include the effects of wind 
stress and permanent currents as required. These matters are discussed in the 
first section of this article. 

* Contribution No. 820 of the Woods Hole Oceanographic Institution. 
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Table 1 





Local circulations 


Regional circulations 


Planetary circulations 





Lakes, bays, rivers, atolls 
and narrow estuaries 


Large lakes, bays, marginal 
and mediterranean seas 


Oceans and ocean systems 





Pressure gradient force op- 
posed by friction 


Pressure gradient force op- 
posed by friction and Cori- 
olis force 


Pressure gradient force op- 
posed by Coriolis force 





Pressure gradients due to: 
river flow, runoff, evapo- 
ration, seepage, local 
wind, tides, salt water 
intrusion 


Pressure gradients due to: 
synoptic winds, synoptic 
pressure gradients (air), bal- 
ance of runoff, evaporation, 
precipitation and tides 


Pressure gradients due to: 
planetary winds, climatic 
distribution of seasonal 
winds, insolation, evapora- 
tion and precipitation 





Motion directly across iso- 
bars predominates. 
Seiching is rectilinear 


Motion has a cross-isobar 
component. Seiching tends 
to follow inertia circles 


Motion predominantly geo- 
strophic. Inertia circles 
negligibly small 





System approximated on a 
flat stationary reference 
frame using ordinary 


System approximated on a 
flat rotating reference frame 
using rotating Froude (and 


System approximated on a 
curved rotating reference 
frame using vorticity models 


Froude (and Reynolds) 
models 


Reynolds) models 








| 
| 
t 





The intermediate scale relates to the marginal and smaller mediterranean seas 
of the earth in which the forces due to tides, local wind stress, river flow, strati- 
fication, and bottom friction are all significant, but where in addition the effects 
of earth rotation become apparent. To the writer’s knowledge, no experi- 
mental studies of areas in this intermediate size category have been made with 
rotation.* It seems probable that the effects of earth rotation can be added to 
otherwise straightforward Froude modelling procedures by the means indicated 
in the middle section of this article. 

Finally there is the oceanic model of planetary scale in which the character of 
the circulation is practically independent of the influence of waves, tides, and 
river flow, but is driven primarily by the stress of the planetary wind field and 
influenced by both the rotation and curvature of the earth. The effects of heat- 
ing, evaporation, and precipitation on stratification may also be important. The 
flow in planetary models is predominantly geostrophic, but in detail both inertial 
and frictional effects are present which may serve in a model to represent nature 
more faithfully than would be the case otherwise. The scaling procedures 
applicable to planetary models relate the rotation of the earth and the meridional 
variation of the Coriolis parameter to laboratory conditions. The effects of 
earth rotation can be produced directly but those due to earth curvature cannot, 
because of our present inability to provide or simulate a radial gravitational field 
in the laboratory. This technical limitation makes it impossible to produce 


* (Footnote added in proof.) Preparations for such work are being made at the Laboratoire 
National d’Hydraulique in Chatou, France, and at |’Universite de Grenoble employing turn- 
tables of 3- and 15-metres diameter respectively. Experiments are already in pro: at Chatou 
which concern the effects of rotation on the flow in the English Channel, and at the Hydro- 
dynamics Laboratory of the University of Chicago on generalized channel flow with rotation. 
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geometrically similar planetary models (which can be achieved only when it 
becomes possible to model the earth on a spherical working surface), hence the 
variation of the Coriolis parameter with latitude must be reproduced by other 
physical means which are described in the latter section of this article. 


Similarity and Characteristic Numbers 

The problem in modelling is to construct a system which is like its prototype 
in all physically significant respects. In the fluid mechanics of the earth’s hydro- 
sphere the vector equation of motion contains the following terms: 


dc 1 


where C is the vector velocity, ¢ the time, 2 the angular velocity vector of the 
earth’s rotation, p the fluid density, Vp the gradient of pressure, g the accelera- 
tion vector due to gravity, and F the friction vector. The terms may be identified 
in the following verbal statement: that the 


pressure 
— gradient 
term 


inertial , Coriolis a 


4 a gravitational , frictional 


term J term 


Ratios of these terms (shown in simplified parametric form) have been used to 
define several dimensionless numbers 


va inertial force ae 
pressure gradient force Vp 





Euler Number 


inertial force BN sis 
gravitational force Lg 





Froude Number 


inertial force V 


Rossby Number = Gostalia force = fL 


inertial force a VL 
frictional force lp 





Reynolds Number = 


Coriolis force “ nd 
frictional force = N 2u/p 





Ekman Number 


where L is a characteristic length, V is a characteristic velocity, p is the fluid 
density, g is gravity, f is the Coriolis parameter, p is pressure, and yu is the 
dynamic viscosity. These ratios are characteristic of flow conditions in which 
the forces defined are predominant. The modelling problem may be analysed by 
means of these ratios, and laboratory conditions arranged so that the numerical 
value of each significant ratio is the same in the model as it is in the full-scale 
prototype. A model based primarily on one or another of these dimensionless 
numbers is usually referred to by name; e.g. Froude model, Reynolds model, or 
other according to the case. 

This list of dimensionless numbers is incomplete, being sufficient only for the 
present stage of oceanographic experimentation. Nothing has been said con- 
cerning, for example, the effects of heat exchange, buoyancy, or short period 
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effects involving fluid compressibility, all of which exist in the oceans. These 
and other phenomena must be reckoned with as time goes on. 
In practice one may construct a ratio which is by convention 


Jn 

J5 

where J, is the value of a physical property of the model, J, is the value of the 
corresponding property in the prototype, and J, is their ratio. If J is one of the 
dimensionless numbers, J, should be unity, but the ratios of the individual 
parameters defining a dimensionless number may have other values. These are 
the scaling ratios which permit the model to be smaller or larger than its proto- 
type, and for time to pass correspondingly faster or slower and still behave in the 
same physical manner. 


In the case of the Froude model, for example, we may write in general 
(Frm _ (V?/LE)m _ 
(Fr),  (V*/Lg), 
and for each physical parameter 

Vin Lm, _ &m 


V=—;L=—4:2=~—. 
V5 ;" & 


J,= 





(Fr), = 1, 


Since the model will be operated under the same gravitational field as its proto- 
type, g, = 1. This leaves L, and the velocity of the gravity wave V = V gz, as 
adjustable parameters. Again g is the same in both model and prototype so that 
z the vertical length and L the horizontal length determine V the wave velocity 


which is itself L/T where T is time. Thus 
L, 


V, = T. AY Zips 


r 


The Froude model may be geometrically similar to its prototype, in which case 
z, = L,, or distorted such that z, > L,. In this manner the scaling ratios for this 
and other physical properties of the distorted and undistorted open-channel 
Froude model have been derived. Table 2 gives a partial list of scale ratios in 
terms of length. Others may be derived quite simply. 


Table 2* 





—_ | Undistorted | Distorted 
ead Froude model | Froude model 





Length, horizontal 
Length, vertical 
Time 

Velocity 

Total discharge 





* Assuming that the model and prototype are operating 
under the same gravitational acceleration, and that the fluid 
filling both is identical. 
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The problems of dimensional analysis and model laws have been studied since 
the rise of classical physics. Recent discussions of the subject by BRIDGEMAN 
(1931), the heat transfer problem by FISHENDEN and SAUNDERS (1950), and the 
relations of logic and fact by BIRKHOFF (1950), state the modern viewpoint. The 
modelling problem in relation to engineering fluid mechanics is discussed 
academically by RousE (1938, 1946) and with laboratory practice foremost in 
mind by STEVENS et al. (1942) and ALLEN (1947). 


ON MODELS OF SMALL INSHORE AREAS 


The small-scale oceanographic model such as that in Fig. 1 may be defined as 
one in which gravity and friction are dominant forces, and the direction of flow 
is primarily down the gradient of pressure. This is the case in most bays, rivers, 
and narrow estuaries. The treatment of these small-scale oceanographic prob- 
lems follows engineering precedent closely except for the introduction of forces 
due to the local wind stress and external flow fields which have been applied 
most successfully to models based on the Froude law and which involve a single 
layer of liquid. 

In general the oceans are about a thousand times broader than they are deep, 
and estuaries perhaps an order of magnitude less so. In order to reduce the 
effects of surface tension in relation to inertial forces it is often necessary to 
exaggerate the vertical dimensions of the model estuary in nearly this proportion. 
Table 2 contains some of the dimensionless ratios that must be maintained for 
the undistorted and distorted open-channel Froude models. 


Length and Time Scales 

The choice of a horizontal scale for a Froude model depends primarily on 
fitting the geographic area into the dimensions of the laboratory. In the absence 
of density contrasts in oceanographic models, L, may range from 1/5000 to as 
little as 1/200,000. To cite characteristic examples; the salinity distribution and 
current system of Puget Sound have been studied in a model with a horizontal 
scale 1/40,000 (RATTRAY and LINCOLN, 1955) while Bikini and Rongelap Atolls 
were represented for other purposes on horizontal scales of 1/100,000 and 
1/150,000 respectively (VON ARx, 1954). 

The vertical scale must generally be chosen so that the least depth of water in 
which the flow is to be studied is approximately 1 cm to prevent capillary effects 
from being important. Because of the complexity of some water-land boundaries 
it is usually imprudent to attempt to build a model of an estuary on a horizontal 
scale smaller than L, = 1/20,000. In general the vertical exaggeration may be 
larger than that usually regarded as acceptable for engineering purposes. 

In simplest terms the Froude law concerns the rate of motion of a long gravity 
wave in shoal water. The celerity of such a wave is V gz where g is the accelera- 
tion of gravity and z is the depth of water. The acceleration of gravity is the 
same in both the model and the prototype, hence the velocity ratio V, is entirely 


controlled by the square root of the vertical scale, V z,, thus 
L, 
V, = Vz, = T 


One can see from this that the time scale shortens with increasing depth and 
lengthens with the increase of horizontal scale of the model. One is led to a 
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choice of scales by a path which touches first the minimum depth requirement 
and then an adjustment of the length L, and time 7, scales such that either 


L 
— — const = Vz, 
T, 


T 
vz, 


where L, is adjusted to the dimensions of the laboratory. The time ratio is 
usually the most flexible parameter available. 


= const = TJ, 


Density Scale 

The circulation in estuaries may involve the interaction of two or more water 
masses of different density. When water is used in the Froude model these 
density differences should be maintained one to one, that is, p, = 1 and Ap, = 1. 
This leads to satisfactory results when the problem being studied involves only 
the kinematics of flow. For example, in the intrusion of a large mass of salt 
water flowing in from the sea under fresh water in an estuary, the velocities, 
volumes, and times of arrival of the main water masses may be correctly repre- 
sented by following the Froude law, but the mixing and mutual dilution of the 
two water masses will be usually quite dissimilar and unrealistic, particularly if 
the model is distorted vertically. In such situations one must either satisfy 
Reynolds and Froude criteria simultaneously or depart from strict scaling 
procedures. 

It is possible through a choice of fluids other than water and suitable linear 
dimensions to satisfy the requirements of both the Froude and Reynolds laws 
simultaneously. As fortunate as this possibility seems, it is rarely utilized 
because few fluids have the necessary properties when the model is small com- 
pared with its prototype. Specifically: the Froude law requires that the time 
ratio T, = Li(p/)#, while the Reynolds law requires that T, = (L*p/u), where 
L is the length scale, p the fluid density, y the specific weight, u the dynamic 
viscosity. Equating these two requirements leads to the following relationship 


_ 7:(2)' _ (Le 
= tls) = Ca, 


If the model and prototype operate under the same gravitational acceleration 
the ratio (y/p), = g, = 1; and a length scale satisfying both criteria at the same 


time scale will be 
[7 3 
— (‘) = (»,)t. 
P/r 


Unless L, is nearly 1 or chosen such that a real fluid other than water satisfies the 
above criterion of similarity, it is difficult to meet its requirements. 

As a less satisfactory alternative one may reduce the density contrast between 
the fresh and salt layers and thus reduce the gravitational forces tending to cause 
the two layers to stratify. This permits the vertical component of the existing 
level of turbulence to cause the layers to mix more realistically. As a guide to 
the reduction of vertical density contrast one may equalize the force per unit 
area acting in the horizontal and vertical directions on the vertically distorted 


unit volume 
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Ls By 
APn = Ap, (=) i Ap, (=) 


which amounts to a reduction of density contrast by the reciprocal of the vertical 
exaggeration. For practical reasons this cannot be carried to extremes. In 
oceanographic models a vertical exaggeration of 100 is often necessary; hence 
the normal difference in density between ocean and river water, 0-025 g/cm’, 
would thereby be reduced to 0:00025 g/cm’, which is beyond experimental 
control. Differences in density amounting to 0-001 g/cm* can be maintained 
experimentally, and if it is sufficient to represent approximately the mixing of a 
salt wedge intrusion and its rate of motion it is possible to choose a horizontal 
length scale, and/or a suitably adjusted vertical exaggeration z,/L,, such that the 
corresponding difference in density in the fluids is greater than 0-001 g/cm’. 


Verification 

Because the natural situation is not ever a pure case to which any special 
modelling law chosen applies exactly, and because of ‘‘scale effects” (emergent 
properties of unavoidably different combinations of forces than those in nature), 
a model cannot be relied on to represent nature faithfully at first. A new model 
must be compared with field data from its prototype. These field observations 
must be of fundamentally consistent and recurrent phenomena so that the model 
will not be forced to produce an atypical flow pattern under the influence of the 
normally predominant forces. To begin with, observations may be made 
repeatedly at a number of points believed to be representative of the general 
character of the fluid motions. The model is verified against these as a first 
approximation. Following this the truly critical points usually reveal themselves 
in the model, and with further field observations at these new points verification 
can proceed. When this cycle of comparisons has been carried forward to a 
practical conclusion, it is assumed that the behaviour of the model at all inter- 
mediate points is also essentially correct. Verification in its simplest form con- 
sists of roughening and smoothing the courses of flow. In a distorted open- 
channel model it is usually difficult to make the bottom rough enough, and in the 
undistorted model it is equally difficult to make the bottom smooth enough. The 
optimum distortion can be determined from the Manning formula, which is 
discussed in some detail by Rouse (1938, 1946) and applied to specific problems 
by STEVENS (1942). 

In oceanographic models the minimum depth restriction (1 cm) may preclude 
application of the Manning formula. Vertical exaggeration must then be in- 
creased, in which case the bottom roughness usually becomes too slight. Rough- 
ness elements may be placed in a suitable pattern on the bottom, or if the 
horizontal scale is very small and connecting channels narrow it may be more 
convenient to interpose wire screens of suitable meshes in the channels to retard 


the flow. 


Wind Stress 

The effects of wind stress on the circulation in estuaries and bays are often 
important and sometimes predominant. To scale the wind-driven circulation in 
a model requires knowledge of the dynamics of momentum transfer across the 
air-sea interface, which in the present state of affairs is simply not available. The 
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transfer of momentum from the wind to the ocean must involve consideration of 
the wind stress coefficient which is usually part of an equation of the form 


7 => $pCa y 


where 7 is the wind stress, p the density of air, C, the wind stress coefficient, V 
the wind velocity at some arbitrary level, and n the exponent to which this wind 
speed is raised. According to most authors 7 has the value 2 above the “critical” 
wind speed, other values below, and indeed C;, is also a function of V. Because 
of the lack of firm knowledge of these processes, empirical procedures must 
suffice and be used only where the utmost precision is not required.* 

These procedures involve the calibration of a set of blowers arranged to move 
air across the model at rates which will produce circulations in the surface layer 
of the model which are to scale and in accordance with field observations under 
given wind conditions. It is desirable that the field data represent conditions 
where one can be reasonably sure that wind is the only important influence. 
When this requirement cannot be met one may assume that, where the fetch is 
greater than an equivalent of 5 to 10 thousand metres and a steady state exists, 
a layer of surface water will be moved downwind at a speed between 2 and 3 per 
cent of the steady wind speed measured at some level between 3 and 10 metres 
above the water surface. In practice the actual speed of the wind on the model 
is disregarded, and only the velocity of the wind-driven motion of the surface 
layer is scaled. This is, to be sure, a very crude approach, but it results in a closer 
approximation to the natural situation than the practice often seriously followed 
of ignoring the effects of wind. The calibration of blowers supplying the wind- 
drift effects should be referred to a clean water surface having some standard 
surface tension. 

Wind waves on an oceanographic model are generally slight, and those present 
are usually dominated by capillary rather than gravitational forces. Capillary, in 
contrast with gravity waves move faster as their lengths diminish. To be in scale 
a modelled wave would have a height z, and a length L, in a distorted open- 
channel model. Such dimensions soon become physically impossible as the 
vertical exaggeration is increased. In cases where the roughness of the sea 
surface has been accounted for through direct scaling of the wind-drift current 
it is unnecessary to be concerned with waves. But if waves contribute to mixing 
a small model with vertical distortion cannot be used. 


Tides 
An estuary is by definition under the influence of the tides. The reproduction 
of tides in oceanographic models of estuaries may be simplified if taken from 
broader considerations than those relating to the tidal waves in the estuary 
itself. When the tide generator is located offshore and arranged to act along a 
cotidal line in a modelled portion of the ocean, the tidal wave will advance into 
shoal water with the proper phase differences and heights determined by the 
* (Footnote added in proof.) This problem has been examined very recently at Woods 
Hole. There are serious experimental difficulties still to be overcome, but results thus far 
indicate that when air is moving over a smooth water surface at rates between 30 and 100 cm/sec., 
measured at an “anemometer height” of 1 cm, the skin friction coefficient C, is approximately 
0-0014. This is in general agreement with the value 0-002 cited by JEFFREYS (1925: Proc. Roy. 
Soc. Lond. A107; 189-205) for somewhat higher wind speeds. The value of n remains to be 
determined but has been assumed to be 2. 








Fig. 1 (b). In the modelled area, roughly 25 miles square, the characteristic depth of 
water is about 3 feet. This necessitated either a very large model or a highly distorted 
smaller one. The surface shown is eight feet square and the topography is carved in 
plaster on a horizontal scale 1/20,000 and vertical scale 1/192; that is, the vertical 
exaggeration is 104. The time to the scale 1/1440 is indicated by the clock at the 
lower right attached to the tide machine. The darkened area is river flow from 
principal discharge sousces in the upper left-hand corner of the area. 


Fig. 1 (c). The cellular sub-framework of 2-inch thick timbers. Successive stages in 
the construction of the Barataria Bay model 





Fig. | (a). A representative oceanographic (Froude) model built and operated at 

the Woods Hole Oceanographic Institution to study the circulation of waters in and 

around Barataria Bay, Louisiana, under varying conditions of wind, tide, and river 
discharge. This study was sponsored by the Freeport Sulphur Company. 
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Fig. 1 (d). Plywood lifts cut to coarse pattern of contours. 


Fig. 1 (e). The finished waterproof box for the model. 
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Fig. 1 (g). The monolithe of pattern-maker’s plaster in place. The land areas and 
submarine contours were transferred to the plaster by optical projection. 





Fig. | (i). Planing the land surfaces to a uniform height above mean sea level to avoid 
differential sheltering effects in the wind-drift experiments. 





Fig. 1 (k). The finished model surface ready for painting. 





Fig. 2 (a). A tide machine composed of three displacement elements driven by one 
motor. The shaft in the foreground is connected to Scotch yokes by way of variable 
diameter pulleys which are set to drive the yokes at their appropriate speed numbers. 


Fig. 2 (b). Opposite view of the three-component tide machine showing the string 
integrator which moves an index across the tidal height scale. The clock in the 
foreground indicates the lapse of hours, days, weeks, and months in scaled time units. 
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depth sequence along each route. However, the tidal coefficients are less well 
known offshore than at coastal stations. As a first approximation, the offshore 
tidal components can be estimated from a weighted average of the tidal coeffi- 
cients at the most seaward of a number of shore stations some distance away in 
both directions along the coast. Further empirical adjustments are then to be 
made as comparison of the tide records from the model and area under study 
may require. 

The complexity of a tide generator depends on the fidelity with which the 
tidal trace at any point is to be reproduced. The number of components to be 
considered is determined from the relative importance of each of the several 
tidal coefficients compared with their sum. Coefficients regarded as unimportant 
can be collected and introduced as a single component driven at their mean rate. 
The important tidal species having speed numbers sufficiently close together can 
be collected to simplify the mechanism. Separate tidal components must be set 
apart if their amplitudes and speed numbers are such that they largely determine 
the characteristic sequence of tides. 

In middle latitudes near open sea coasts the tides are predominantly semi- 
. diurnal with more or less diurnal inequality and a small semimonthly sequence 
of ranges. If neither the diurnal inequality nor the semimonthly range sequence 
is of importance to the experiment, the tide can be approximated by a single 
element driven at the weighted mean rate for all the significant semidiurnal 
species. If the diurnal inequality is too great to be neglected but the diurnal 
species are still unimportant, two elements will suffice. If the diurnal species and 
semimonthly species are both significant, three elements will be required as in 
Fig. 2. Only rarely will four or more elements be necessary unless extraordinary 
fidelity is required. 

The volume of water to be displaced in the model to effect the rise and fall of 
tides is the volume ratio (L?z,) times the volume change (tidal prism) in the 
corresponding areas of the prototype. To calculate the volume contribution of 
each of the tide-generating elements in the model, it is convenient to scale the 
mean volume of the tidal prism and then to prorate this among the important 
harmonic constituents in proportion to the ratio of their amplitudes to the sum 
of all terms. By this means the contributions of the neglected constituents are 
distributed impartially among other terms to effect the necessary total rise and fall. 

The mechanical means by which tides have been introduced range in com- 
plexity from adjustable weirs in river models or simple cylindrical drums driven 
by Scotch yokes at appropriate speed numbers, such as shown in Figs. 2 (a), 2 (b), 
and 2 (c) for a system of bays, to electromechanical servomechanisms controlling 
either a single plunger or a pump, in turn controlled by a cam representing a 
day’s or fortnight’s sequence of tides actuating a cam follower. The effects. of 
evaporation in the model can be compensated automatically if the cam follower 
is coupled to a point or capacitance gauge or other device (sometimes optical) 
for detecting the rise and fall of the free surface with respect to an arbitrary 
datum. Such servo apparatus has become common in hydraulic laboratories 
during the past decade. 


ON MODELS OF INTERMEDIATE-SIZE AREAS 


The circulation in marginal seas and the smaller mediterranean seas of the earth 
may be influenced by the same forces considered above and yet be large enough 
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for the effects of the earth’s rotation to appear. This would be manifested in 
shallow seas by a tendency for a tidal flow or impulsively generated wind cur- 
rents to follow inertial paths closing a circuit once each half-pendulum day and 
for some other kinds of motion to be developed at an angle cum sole from the 
direction of the pressure gradient. This angle should increase as the frictional 
influence of the bottom grows smaller in comparison with the Coriolis force. 
Ideally, the angle increases to 90° when frictional influences are negligible and 
the state of motion is steady. While no experiments have been undertaken 
involving the effect of earth rotation on the flow in areas of this size, it is of 
interest to consider how this might be done. 

If the area to be modelled is a very large estuary, a marginal or a small 
mediterranean sea having dimensions in the order of 1000 km on a side, and if 
in nature, the frictional influence of the bottom on the flow is small compared 
with the Coriolis force, then it becomes desirable to rotate the Froude model in 
order to provide the effects of the Coriolis force. The Coriolis force fv = 2Q 
sin gv, where f is the Coriolis parameter, v the fluid velocity, Q the angular 
velocity of the rotating earth, and ¢ the latitude. When the latitude change 
between the meridional limits of the area is small compared with a right angle it 
is sufficient to rotate the model around its centre of gravity at a certain rate. 

To determine this rate it is simplest to consider motion in an inertia circle. 
When a parcel is subjected to an impulse and then moves freely without the 
action of other forces, the earth’s rotation will cause it to trace a nearly circular 
path over the earth such that 


v , 
= = 20 sin go soe 0D 


where v is the velocity of the parcel with respect to the earth and r is the radius of 
curvature of the path. Consideration must be given to this inertial motion in 
order to produce phenomena such as the Kelvin wave in tidal estuaries, the 
amphidromic seiching of lakes such as that described by MorTIMER (1955), and 
of marginal seas, some rotary tides, and geostrophic flow. 

The rate of rotation required can be determined from the following considera- 
tions in which we will assume that A¢ is small, hence the variation of Coriolis 
parameter with latitude can be neglected, and that the model therefore can be 
centred on a turntable. We will also assume that the model is being operated 
under the same gravitational acceleration as that acting on the prototype, and 
that water will be used to fill it. To provide the effects of earth rotation, then, it 
is required that 


(= = 20:singo) " (= = 20 sin go) ae 
r m r Dp 


where the subscripts m and p refer to the model and the prototype, respectively. 
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If the Coriolis force ratio be defined (,V, = ie we can write the balance of 
DD 


inertial accelerations as follows: 
v2 
Um 
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Now since the axis of rotation of the model is vertical sin ¢,, = 1, hence 


Qn 
f= Oo ind, ‘cna 


To express these statements in terms of the dimensional ratios of Table 2, it can 
be said that 
V, Qu 
oe ee re 
and we know from Table 2 that V, = (z,)# and T, = L,(z,)~+, therefore 


— Qn 
=OGsnd, oe 


_ (sin 9), 
Qn = oe 


Such rotation will result in the mean sea level of the model being paraboloidal 
with the vertex centred over the axis of rotation. It is necessary to refer all 
vertical dimensions in the model to this surface. 

If, toward the margins of the model, the slope of the paraboloid reference 
surface is so great that the sine of this slope cannot be considered essentially 
equal to the slope itself, the assumption made earlier that sin ¢,, = 1 is no longer 
valid nor is the assumption that the gravitational acceleration in the prototype 
is substantially the same as that in the model. In such a case it would be desirable 
to reduce the vertical scale or increase the horizontal scale to lengthen the time 
scale and diminish the rate of rotation required. 

The foregoing can only be applied to models filled with a single homogeneous 
fluid. Long gravity waves move on a rotating model with a velocity 


242 
foo 


and finally 


where Q is the angular velocity of the tank, A is the wavelength, D is the depth 
and g’ = (Ap/p)gy the effective gravitational acceleration. In the case of surface 
waves Ap/p = | essentially and the rotational term can be neglected, but for 
internal waves g’ may be quite small in comparison with gp, and the effects of the 
rotational term become dominant. 


ON PLANETARY MODELS 


The term “planetary model” is intended to embrace laboratory experiments 
representing large-scale fluid motions in which effects analogous to both the 
rotation and the curvature of the earth are present. Planetary phenomena have 
come within the scope of laboratory study more recently than the smaller scale 
processes, and the literature has not been digested. Therefore it seems appro- 
priate to attempt to trace the origins of basic concepts as well as to describe some 
of the technical procedures and results of recent experiments. 


History of Planetary Models 


Models of planetary fluid motions were first conceived in connection with the 
atmospheric circulation. These attempts antedate oceanic studies by many 
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years. VETTIN (1857, 1884) was probably the.first to study the motions in a 
rotating fluid heated zonally from below. Since then EXNER (1923, 1925), 
Rosssy (1926) and more recently FuLtz (1951), and LonG (1951) and their 
associates have made intensive studies of laboratory models in which the regime 
of motion is analogous to that in the upper levels of the atmosphere. FALLER 
(1956) has succeeded in simulating low-level frontal structures of the atmosphere 
using similar methods. Studies by Hive (1953) made with reference to the fluid 
motions of the earth’s mantle have been of interest to meteorologists as well as to 
geomagneticians. These methods are essentially independent realizations of a 
suggestion by J. J. THOMSON (1892) who, with remarkable insight, foresaw both 
the experimental scheme and the results that might be obtained. 

The first attempt to simulate the ocean circulation was probably that by 
LASAREFF (1929) in which the trade winds were simulated over a plaster model at 
rest. SPILHAUS (1937) studied the motion of a jet entering a fluid in solid rotation. 
Since then the writer has made some attempts to represent the oceanic circulation 
in the laboratory (1952, 1955) taking account of the rotation of the earth, certain 
effects due to the curvature of the earth, aspects of the geometry of the ocean 
basins, and the stress of the mean zonal wind field. Thus far nearly all experi- 
mental efforts have been concerned with homogeneous water. 


Vorticity as a Basis for Planetary Modelling 


The Froude law will not serve as a fundamental basis for scaling planetary 
fluid motions unless long free gravity waves are dominant as they might be, for 
example, in a study of global tides, where the effects of rotation on wave velo- 
cities have to be taken into account. Ordinary wind waves and swell are too 
small to influence the circulation directly. The Reynolds law also falls short of 
planetary requirements because the fluid motion in this case is not predomintly 
controlled by forces due to internal friction. For these and other reasons, 
ordinary modelling techniques seem inadequate to deal directly with planetary 
problems, but appropriate alternatives exist. 

One of the most promising points of view is that originally opened by SvERD- 
RUP (1947) and broadened by STOMMEL (1948) and MUNK (1950) which relates 
the curl of the zonal wind stress over the oceans, the planetary vorticity, and 
lateral friction to account for the zonal asymmetry of the primary ocean circula- 
tion. It can be shown (see SVERDRUP, 1954) that if 8 = df/dy and left-handed 
Cartesian co-ordinates are used 


2 (3M, M, fy 2). -e, 
5 (“apt — ae) = PMs + (5-58) + (Se - Se) 
where M is the mass transport, 7 is the stress on the sea surface exerted by the 


wind, and # is the integrated lateral stress due to friction. With an absence of 
change in transport the three right-hand terms remain, and when reassembled 


as follows— 
ie 0) 94, eS) 
oy ox —- oy ox 


—-state that the sum of the change of vorticity due to wind stress on the ocean 
surface and that due to meridional motion (planetary vorticity) is balanced by 
the vorticity change due to friction. The change in planetary vorticity, which can 
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be thought of as arising from conservation of angular momentum in parcels 
moving over the meridional curve of the earth, reverses sign with the sense of 
meridional motion. In the case of poleward transport, changes in the vorticity 
due to the wind stress and the planetary vorticity tendency have the same sign. 
In order for frictional stresses to balance this summation the ocean currents 
crowd against western shores, becoming narrow and swift. In the case of 
equatorward transport the change in planetary vorticity (it turns out) nearly 
balances that due to wind stress; hence little or no lateral friction is required and 
the flow equatorward is broad and consequently slow. This condition is most 
clearly exemplified in the northern hemisphere where there are no zonal con- 
nections of any consequence between adjacent oceans.* 

The simplicity of the vorticity theory of westward intensification of the primary 
ocean circulation makes it attractive as a basis for preliminary experimental 
studies of the oceans. Since the desired effects arise without regard for heating 
or density contrast, a homogenous fluid can be used in the model. Earth 
rotation and the stress of the zonal winds can be provided by straightforward 
methods. But the meridional variation of the Coriolis parameter over a quadrant 
cannot be supplied through geometric similarity, since there is at present no 
means by which a radial gravitational field of uniform strength can be produced 
or simulated in the laboratory. Even if a suitable gravitational field could be 
provided, there is some doubt that it would be satisfactory in combination with 
a homogeneous fluid because of the “‘Taylor effect” (TAYLOR, 1921) which calls 
attention to the fact that in a rotating fluid the component velocities are 
independent of distance in the direction of the axis of rotation. 

The Taylor effect and some further properties of this kind of flow have been 
discussed by GORTLER (1944), FULTZ (1951), LoNG (1954), and others. FALLER 
and VON Arx (1955) conclude that because of the Taylor effect the only apparent 
means for simulating the meridional variation of the Coriolis parameter in a 
uniform fluid is by means of horizontal divergence accompanying meridional 
motion in the presence of rotation. Physically this can be accomplished most 
simply by building a model of the earth in a flat-bottomed rotating tank in which 
the free surface of the water is necessarily paraboloidal. As vertical columns of 
water (parallel with the axis of rotation) move toward the centre of the tank 
(poleward) they are squeezed vertically, extended horizontally and thereby 
acquire anticyclonic vorticity relative to the tank. Vertical columns moving 
toward the rim (equatorward) will be stretched vertically, and in shrinking 
horizontally will acquire cyclonic vorticity relative to the tank. Were the relative 
vorticity so produced to be in proper proportion to that theoretically produced 
in transferring a column in either direction between the equator and the pole 
over the corresponding curve of the earth, the planetary vorticity tendency of the 
earth would be simulated in the model. (The odd thing about this arrangement 
is that, while the variation of the Coriolis parameter can be simulated in a 
flat-bottomed tank, the local value of the Coriolis parameter is everywhere the 
same. Fortunately the local value of the Coriolis parameter has no direct 
consequences in the vorticity theory or in experiments based upon it.) 


* It is sometimes helpful to regard the oceans as being distributed radially around the 
Antarctic; extending northward as three spokes of unequal length, rooted in the hub-like 
Southern Ocean. This point of view tends to place perhaps more proper emphasis on the role 
of the Southern Ocean in the primary circulation of the world ocean system than the equatorial 
view that has become traditional. 
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The problem of simulating the planetary vorticity of the earth through the 
effects of horizontal divergence and curvature of the tank bottom, as when 
paraboloids are employed (VON ARx, 1952), has been examined analytically by 
FALLER and VON Arx (1955) in the following way: 

It is required that the ratio of the partial change of the vertical component of 
relative vorticity with latitude to the planetary vorticity be the same in the 
prototype and in the model; symbolically that 


2) (ak 
) a (s), .. (1) 


where ¢ is the vertical component of relative vorticity, ¢ the latitude, Q, the 
angular velocity of the prototype, and Q,, the angular velocity of the model. 
In the prototype the left-hand term is taken to be due solely to the change in 
the value of the Coriolis parameter with meridional curvature, and the right-hand 
term is the equivalent effect in the model produced by the sum of a change in the 
Coriolis parameter due to curvature and a divergence effect. Equation (1) may 


therefore be written 
of af +f) divs 
dd ' dd/d 
= p _ : weed?) 
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where df/d¢ is the change of Coriolis parameter with latitude for a column of 
fluid moving meridionally, f = 2Q sin ¢, (¢ + f) is the total absolute vorticity 
of a column of fluid in the model, div. V = du/dx + dv/dy, namely the two- 
dimensional divergence due to stretching and shrinking of a column as it moves 
meridionally, and d¢/dt is the meridional velocity in terms of latitude. 


r) ow : 
If the fluid is uniform it follows that div. V = = where > is the change with 
height of the vertical velocity in the column (due to stretching and shrinking). 
pow _1dD_ 1 adds 
Oz Ddt  Ddédt 
dsiné  dcos% | (Ea) ( 5a) (3) 

dé db ‘'\2Q)\ Dd Aa 
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, hence equation (2) reduces to 





where f = 2Q cos «, and « is the angle between the axis of rotation and the 
tangent plane. (In the case of the prototype « would be the colatitude.) If 
¢ <f, as is the case everywhere but in the zone of westward intensification, we 
may write 


d(sin ¢) = d(cos «) — cos « cg ...-(4) 


The above relation should apply to any shape model in which the depth increases 
or decreases monotonically along the meridians. 
The simplest shape to consider is that of the plane model where « = 0. 
Equation (4) then reduces to 
dD 
ooo Aap 


d(sin ¢) = — D° 
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Equation (5) states the requirement for the distribution of latitude circles on a 
plane model. The depth at any latitude may be determined in terms of the 
central depth by integrating equation (5). 


. (6) 


. (7) 
D = D,e!-*2¢ ...-(8) 


Thus, for any given variation of depth, the locations of the latitude circles may 
be determined from (7), or if the positions of the latitude circles are dictated by 
other considerations (such as an arched or dished tank bottom) the proper 
variation of depth is determined by (8). In particular, if in a flat-bottomed 
tank Dy is the depth of fluid at the centre of rotation, considered to be a pole, 
and the latitude 6 = 0 is taken to be at the rim of the model the depth at the rim 
must be eDy. The rotation rate necessary to produce the proper depth at the 
rim is a function of the size of the model and of the central depth as given by 
the equation for the free surface of a rotating fluid 


— 


sae (IO) 


where R is the radius at the equator. 
It should be noted that the spacings of the latitude circles relative to the radius 
of the model are (for a plane model) independent of all other parameters, and are 


given by i 
_ i = 
( = a nb slene 


The following table gives the relative positions of the latitude circles for a 
plane model. 


Table 3 
¢ 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 
rg/R 1000 0:864 0-735 0:615 0-498 0-392 0:288 0-190 0:095 0-000 


This result has been applied successfully in two recent experiments by the present 
writer (1955) which concerned the primary ocean circulation of both the northern 
and southern hemispheres. Models of oceanic circulations on a planetary scale 
and based on these modelling criteria have been called vorticity models. 


EXPERIMENTAL PROCEDURE WITH PLANETARY MODELS 


Rotation 

The most essential feature of a vorticity model is that the supporting tank 
rotate in a manner that is smooth and steady to an extraordinary degree. The 
rotation provided by simply mounting a tank on a vertical spindle is funda- 
mentally unsatisfactory because the spindle must be precisely plumb (within 
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3 x 10-* radian) in addition to rotating smoothly. It is better in many ways to 
adapt the simple method originally used by TAYLOR (1921) in which the model is 
floated in a stationary tank and driven by water jets, or by a fluid clutch. 

In the latter case the apparatus may consist of a stationary tank partly filled 
with water and fitted with a 3- or 6-bladed impeller just above the bottom. 
Floating in this water with a clearance above the bottom of at least twice the 
vertical dimension of the impeller blades is the rotating tank. This rotating tank 
should have the same radius as the impeller, both being less than the radius of 
the fixed tank by about the depth of water to be used. The rotating tank may be 
divided into two concentric compartments, an outer dry annulus and an inner 
free-flooding model area. The annulus provides for both the positive buoyancy 
and stability of the floating tank, and the area inside can be flooded freely 
through valves in the bottom. While in vorticity models it is necessary to work 
with reference to a rigid bottom surface, it is sufficient to provide the tank floor 
with only enough stiffness to maintain its plane or other predetermined figure in 
the absence of gravitational or other forces. Such is the case when the tank is 
built of a stiff buoyant material such as plywood and loaded to a state of neutral 
buoyancy by means of metal fittings required to hold it together. 

In an apparatus such as this the tank will turn under the action of the impeller 
at a very steady rate, maintain itself in a level attitude, and at the same time 
remain centred in the outer tank (if the outer tank is precisely level) by virtue of 
the secondary circulations excited by the impeller acting as a centrifugal pump, 
perhaps aided by the tip vortices produced by the impeller blades. When 
necessary the centring action can be emphasized by increasing the shear in the 
fluid coupling. Shear may be increased sufficiently to stabilize the largest tanks 
used so far (about 5 metres diameter) if braking action is produced as by three 
rubber tubes attached to the rotor which barely touch the stator. Stable equilib- 
rium can be achieved at all speeds up to that at which the tip speed of the 
impeller blades equals or exceeds the speed of a free gravity wave in the outer 


tank. 


Horizontal Length and Time Scales 

In order for planetary models to be housed, the horizontal scale must neces- 
sarily be in the order 1/10,000,000. Mixing in these extremely small-scale models 
is usually excessive. The coefficient of eddy diffusivity in the oceans is said to 
reach values ranging from 104 to 10° cm?/sec for large-scale phenomena. In a 
planetary model the diffusivity ratio is 


GC ao - 


But since A,, = 2 x 10-5 cm?/sec at the least, due to molecular diffusion, the 
turbulence in a planetary model must be undetectable if diffusion is to be kept in 
scale. Toward this end a decrease in time scale or an increase in the length scale 
is desirable, but 7, is effectively limited to the range 10-* to 10-° and L, cannot be 
carried farther than 10-® in even the most formidable installations. 


Vertical Scale 


The theory of the vorticity model indicates nothing directly with regard to 
vertical scale. Experimentally a model of the surface-layer circulation of the 
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oceans (above the main thermocline) can be satisfactorily produced in homo- 
geneous water when the bottom topography of the oceans is represented only to 
the depth of the 200-metre isobath. This depth reaches the shoulder of most 
continental shelves, and suggests the subsurface bulk of ocean islands and island 
chains, but excludes the deeper features such as swells and ridges on the ocean 
floor. It is found that when the Mid-Atlantic Ridge, for example, is modelled in 
the North Atlantic, the wind-driven flow across it is strongly affected. This is 
undoubtedly due to the fact that between the upper Ekman friction layer (about 
1 mm thick) and the bottom Ekman friction layer (also about 1 mm thick) the 
flow is essentially two-dimensional. Therefore in the presence of rotation, any 
obstacle that protrudes above the bottom friction layer will act as though it 
extended through the full depth of the fluid even though it may not actually do so. 

With these facts in mind one may consider, as significant to the vertical scale, 
preservation of the ratio of the thickness of the friction layer to the total depth in 
the oceans and in the model. The Ekman layer in the oceans is in the order of 
100 metres thick, and the average total depth perhaps 4000 metres, so that their 
ratio is 1:40 approximately. The mean depth of water in the model should 
therefore be in the neighbourhood of 4cm. This has proved to be a convenient 
and apparently suitable depth. 

The materials useful in constructing shapes of this thickness to represent the 
continental masses and submerged shelves are numerous, but may be selected so 
that the weight of the volume of water they displace is equal to their weight in air. 
In this manner they contribute no inequality of load on the floor of the tank, 
which otherwise would cause flexure and an unwanted gradient of depth. It is 
also desirable that the upper surface of the continental modelling be curved, 
preferably as a paraboloid, so that the elevation of the land mass above the free 
surface of the water is everywhere the same and the obstruction offered by the 
land masses to the free flow of air over the oceans is the same at all latitudes. 

The layout of continents and continental shelves fitting the grid of meridians 
and latitude circles defined by Table 3 is of course different from any of the 
standard cartographic projections and most easily transferred to the model by 
optical projection. Fig. 3 shows the earth’s geography — in the manner 
appropriate for a flat-bottomed vorticity model. 


Soundings 

To simulate certain effects of earth curvature in the vorticity model it is 
necessary to establish an appropriate ratio of water depths over the pole and 
equatorial regions. The depths D,/ Dg can be considered in satisfactory adjust- 
ment when their ratio is equal to the value of e to the second decimal place. In 
southern hemisphere experiments the pole is inaccessible, being covered by the 
Antarctic continent. The depth ratio is therefore set from soundings at the 
equator and at 70° south latitude, the proper ratio at these points being 
Do/ Dy = 2°64. 

A technique found useful for measuring these depths consists of sounding the 
tank bottom with glass rods coated with a thin mixture of bentonite and cobalt 
chloride. Cobalt chloride has the property of changing colour from blue to red 
in the presence of moisture. Bentonite has the property of being very readily 
wetted. Therefore a coating of bentonite and cobalt chloride on the rod permits 
a clear line to be established by the water level with merely an instant’s wetting. 





*SUIAIEO UI QOUSIUDAUOD JO} pogtduns yeyMouIOsS UI0q sey 
SUTTOIOYS OY} YIM JOYIOSO) YOIGM YIEQOSI 9I}0UW-9OZ 94} sjussoudor OUT] PoNOp oY, “Japour AyIOINIOA oURId OY} JOJ E BIQUI, UI UOAIT 
SofoJID OpNyye] Jo Surseds oy} YIM souLpsOs.e UT poy0[dor YES oY} JO soJoydsiwWioYy UJOYINOS pue UJOYWOU 94) JO syVYD “¢ “SLY 














ot ude g)n( $2) 
ge U2z/~\ Je 

SIZGOW ALIDILYOA 3INVId YOS 

SHIVGOS! 3¥L3N OOZ ONV SINITISVOD 

4O SNOILD3(ONd DIVIHdSINIH 








An Experimental Approach to Problems in Physical Oceanography 19 


Tracers 

Tracers are required in all models for the detection and measurement of water 
motion, but in planetary models the motion is both slow and nearly laminar so 
that the materials must be quite close to neutrally buoyant. In past experiments 
two tracers have been used, namely: fountain-pen ink diluted 5: 1 and potassium 
permanganate solution or crystals. In an acidified (15cm* of 6N HCl per 
50 litres of water) diluted ink will not flocculate and remains nearly neutrally 
buoyant. The oxidizing effect of potassium permanganate mixing with the ink 
in neighbouring parts of the model may cause a colour change in the dyestuff 
of the ink. Such admixtures can produce singularly beautiful colour combina- 
tions that change with time and thus serve to identify water parcels that have 
passed through successive revolutions of the ocean circulation. 

Permanganate tends to sink and to stain the water at the bottom friction layer, 
while the surface film of the ink tends to stain the water of the surface friction 
layer. Thus in an ocean gyre there is a strong tendency for the central water mass 
to become blue while the coastal water masses become red. The swiftly moving 
currents in the region of westward intensification are regions of mixing which 
become coloured in a variety of ways intermediate between these two, and are 
thus clearly distinguished from them in colour photographs. But the value of 
these substances is limited in that they do not lend themselves to tracing the 
motions of individual parcels of water. 

Particulate tracers are of two kinds—surface and internal. Where wind 
stresses are employed, surface tracers must be awash so that the usual substances 
(lycopodium powder, aluminium flakes, talc, crushed cork, and so on) must be 
replaced by wetted particles or oil droplets having very slight positive buoyancy 
as with an n-butyl phthalate and xylene mixture. The task with surface tracers 
is to avoid coalescence. Small discs of polyethylene having a larger diameter 
below water than above have been used in this connection, but paper discs do 
almost as well. Internal tracers present a more difficult problem. Neutrally 
buoyant droplets of n-butyl phthalate and xylene, or condensed milk and alcohol 
mixtures, serve in some cases. Degreased aluminium tristearate flocculate, bits 
of seaweed, the larger species of phytoplankton, colonies of myxomycetae, have 
served in others. Cleaner materials can be produced by electrolytic decomposi- 
tion of potassium iodide solution, or of water itself to produce a stream of fine 
slowly rising bubbles over platinum points, or of tellerium electrodes. The ideal 
material, still to be found, might be described as follows: A substance having 
a high albido, definite particulate shape, and integrity of shape, which is insoluble 
in water but enormously permeable and porous, and itself of nearly 
the same density as water. It would be convenient if the material could be 
stored dry and yet be readily wetted, and desirable if it were inexpensive or 
recoverable. 


Planetary Wind Tongues 

The vorticity model responds to the curl of the wind stress over its water 
surface. The direction of zonal air flow is of no consequence but it is of great 
importance that the inflection points in the mean zonal wind field are properly 
placed in latitude and that the ratio of tongues between the trades and waterlies, 
and between the westerlies and polar easterlies, are reproduced in accordance 
with nature. In order for the ratio of zonal wind tongues to be preserved one has 
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either to know the value of the wind-stress coefficient and compute the required 
wind speed or adjust these values in some empirical fashion. 

As mentioned earlier, the level of turbulence in vorticity models is generally 
too high; hence it is desirable to keep the wind speed as low as possible every- 
where, preferably well below that which will produce ripples. The lowest wind 
speeds of suitable strength are obtained when the directions of air flow are as 
they are in nature; from east to west in the trades and polar easterlies and from 
west to east in the westerlies. The rotation of the model through the air at rest 
in the laboratory provides a ready-made easterly wind which need only be shaped 
to the proper profile to serve. Westerly winds must be produced by an air blast 
of sufficient strength to overtake the model. 

Experience has shown that, through careful adjustment of the west-wind 
nozzles, a core of air will remain at rest over the polar regions of the model and 
provide a suitable anticyclonic torque as the model rotates. Trade winds must 
be augmented by air streams from a system of nozzles so directed as to produce 
a maximum trade at latitude 15°. The resulting decrease of wind stress equator- 
ward seems to be required to produce the equatorial countercurrents in the ocean 
circulation. The westerlies nozzles are then adjusted to produce a maximum wind 
speed near latitude 45° in the northern hemisphere and near — 50° in the 
southern with inflection points at 30° and 60°, and — 30° and — 68° respectively. 

STARR (1954) has shown that the balance of angular momentum of east and 
west winds over the world is always maintained; that is, when the easterly and 
westerly winds of the northern hemisphere are out of balance, they are also out 
of balance in the southern hemisphere, and when in balance in the northern 
hemisphere they are also in balance in the southern hemisphere. But the strength 
of westerlies and trades is different in the two hemispheres. In terms of annual 
means, the trades are approximately twice as strong as the westerlies in the 
northern hemisphere, while in the southern hemisphere the two are nearly equal 
as shown in Fig. 4. The world mean surface-pressure maps by SHAW (1931) and 
recent studies of the annual mean surface wind field by MINTz and DEAN (1952), 
and unpublished data on world mean monthly surface pressure profiles made 
available to the writer through the kindness of Professor H. C. WILLETT of the 
Massachusetts Institute of Technology, all reflect this condition. These findings 
have been used as a basis for the winds applied to both the northern and southern 
hemisphere models. 


Rossby Number 


While the zonal wind-speed ratios mentioned above are to be preserved, the 
actual wind speeds employed in the model experiments are adjusted through 
their effect on the ocean circulation. To be in scale, the velocities of the ocean 
currents should bear the same ratio to the tangential velocity of the model at its 
equator as do the velocities of the actual ocean currents to the tangential velocity 
of the earth at its equator. This is a definition of the kinematic Rossby number 
which for the swift western currents has values in the vicinity of 0-3 x 10-*. 
When the Rossby number is small, all accelerations may be considered small in 
comparison with the Coriolis acceleration, and the flow will be nearly geostro- 
phic. While flow in the oceans is essentially geostrophic in high latitudes, there 
can be no geostrophic balance at the equator where the Coriolis parameter 
vanishes. In the plane model the Coriolis parameter is the same everywhere, so 
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that the model cannot be considered to be representative of conditions in low 
latitudes. For this reason it is desirable to adjust the Rossby number in the 
model to high middle-latitude occurrences, which are fortunately the site of 
strongly intensified currents for which velocities are best known. 
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Fig. 4. Mean annual zonal wind profiles of the whole world plotted from data 

supplied by Y. Mintz and G. Dean (1952) and by H. C. WILLETT (personal com- 

munication). The observed and geostrophic zonal winds over the oceans alone are 
shown in comparison with the geostrophic winds for both land and sea areas. 
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Wind Force and Direction 

Measurement of the force and direction of the winds over the model has been 
accomplished by two separate means. The wind speed at and near the free 
surface has been measured by means of the drift of ping-pong balls floating in the 
water. The quasi-instantaneous direction of air motion has been detected by 
photographing a set of shuttlecocks suspended on fine threads at 10° latitude 
intervals along midocean meridians. The drift of the ping-pong balls is repre- 
sentative of the mean motion of the air at a small “‘anemometer height”, while 
the shuttlecocks indicate the mean direction statistically and the turbulent 
fluctuations on a quasi-instantaneous basis. 

It is convenient to photograph the headings of the shuttlecocks at random 
intervals of time and to plot wind roses which indicate both the variability and 
the direction of mean stress. Periodic photographs of the drift of ping-pong balls 
initially laid out in meridional lines yield data on the wind speed. But ping-pong 
balls do not yield convenient data on wind direction because they are deflected 
cum sole from the wind direction by the transport in the upper friction layer. 
Due to this they change latitude rapidly and tend to collect near the locus of the 
inflection point of the wind field. The zonal component of motion of the balls is 
measured as an index of the zonal wind force. The rate of motion of a standard 
ping-pong ball floating in fresh water in a rotating tank is very nearly 20 per cent 
of the wind speed in the range 10 to 150 cm/sec measured at a level 1 cm above 
the free surface. The speed of the water motion below the friction layer in the 
“‘midocean” portions of a vorticity model is sufficiently small to be neglected 
(well under 5 per cent of the ball speed) in wind-field calibration by the ping-pong- 
ball method. 

By these methods, the flow of air in the trades has been shown to be quite 
smooth owing to the use made of the relative motion of the tank through the 
undisturbed air in the laboratory. The westerlies, on the other hand, are highly 
unsteady since they are produced by the zonal blast from a finite number of 
nozzles (ten have been used), each of which produces a turbulent air stream 
diverging at an angle of some 14°. The character of this turbulent flow is 
thought to be in keeping with that of the westerlies in nature, as is the smoother 


flow of the trades. 


EXPERIMENTAL RESULTS 


The Northern-Hemisphere Model 


The apparatus built for the northern and southern hemisphere experiments is 
shown partly assembled in Fig. 5 (a), together with a closeup of the observer’s 
position and controls in Fig. 5(b), and the eight-foot tank with northern- 
hemisphere modelling and the wind-field nozzles in place in Fig. 5(c). This 
apparatus was mounted on a vertical shaft, driven by an electric motor through 
a variable-speed transmission. The difficulties mentioned in the section on 
rotation were encountered here. Nevertheless, the apparatus gave interesting 
results once the wind fields were properly set up. 

The data compiled in Fig. 4 show MINTz and DEAN’s observed mean zonal 
winds for the whole year over the oceans alone, and the geostrophic wind com- 
puted from an annual mean-pressure profile for land and sea obtained from 
WILLETT’s monthly mean-pressure profiles for the years 1949 through 1950. 





Fig. 5 (a). General view of the northern-hemisphere model apparatus showing the 
eight-foot cylindrical tank mounted below a platform from which the observer could 
control the apparatus and watch the progress of the circulation through a wide-field 
rotoscope bolted to the ceiling of the laboratory. Funds for the construction and 
operation of this model were provided by the US Navy, Office of Naval Research. 





Fig. 5 (b). The observer’s position on the platform over the rotating model showing 
the wide-field rotoscope in the foreground, and the control panel in the background 
of the desk where the observer could be seated. 





Fig. 5 (c). View of the tank with northern-hemisphere modelling in place showing 
the small-bore pipes through which air could be forced at some 15 to 25 pounds 
pressure to simulate the trade winds and westerlies. 
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These formed the observational basis for the wind fields shown in Fig. 6 which 


were applied to the northern-hemisphere model. 
It was necessary to preserve the profile of the zonal wind field and still drive 
the ocean currents at the appropriate Rossby number. The degree of refinement 
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Fig. 6. Frequency of wind direction and zonal wind speeds used in experimental 
studies of the ocean circulation of the northern hemisphere. The values shown were 
determined by the methods described in the text. 


of detail obtained with the model seems to depend on the choice of Rossby 
number to the extent that approximately double or half the values thought to 
obtain for the earth lead to different characteristic details in regions where 
shearing instability plays a part in forming the character of the circulation. This 
is especially noticeable in the landward margin of the Gulf Stream in the North 
Atlantic Ocean and the Kuroshio in the North Pacific Ocean. 

In general the model results agree fairly well with older climatological charts 
of the ocean circulation, but differ from the more recent field measurements in 
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that the prototype Gulf Stream is observed to cross the North Atlantic Ocean at 
somewhat higher latitudes, while the Kuroshio actually crosses the North Pacific 
somewhat south of its course in the model. This may be due to the facts that the 
average vorticity of the wind field over the North Atlantic is twice that over the 
North Pacific in nature (see MINTZ and DEAN, 1952) while in the model the 
values must be nearly the same, and that the latitude of the inflection points of 
the mean zonal wind profiles differ from ocean to ocean in nature but are 
identical in the model.* 

The positions of the halostases and principal convergences in the North 
Atlantic and North Pacific Oceans were found to differ by a degree or two from 
those given, for example, in the current chart prepared by Scuott (1942) for the 
Deutschen Seewarte, but it was found that adjustments of the positions of these 
features through alterations of the mean zonal wind field produced undesirable 
changes in the geometry of the intensified currents of the western parts of the 
oceans. Part of the difficulty may lie in the fact that the mean zonal wind field 
measured on the model along the central meridian of each ocean was not 
entirely representative of that which actually occurred in the continental 
extremities of the oceans due to the sheltering effects of the continents. 

Despite these shortcomings it is felt that these most recent experiments on the 
circulation of the northern hemisphere shown in Fig. 7 (VON ARrx, 1955) represent 
an improvement over those which were possible previously (VON ARX, 1952), 
especially in the way that they represent the circulation at high latitudes. 


The Southern-Hemisphere Model 


The wind fields applied to the southern hemisphere model and shown in Fig. 8 
were selected through measurement of the Rossby numbers applicable to the 
Agulhas Current (see MERZ, 1925) and the Brazil Current (DEFANT, 1932) for 
which velocities are best known. It was found very early in the adjustments of 
the southern-hemisphere model that the balance of forces due to westerlies and 
trades was of critical importance to the pattern of circulation in the vicinity of 
the Cape of Good Hope where the Agulhas and Benguela Currents interact, and 
near the La Plata River estuary where the Brazil Current and Falkland Current 
meet to form the western extension of the subtropical convergence in the South 
Atlantic. When the force of trades and westerlies was adjusted to produce an 
acceptable regime of motion around the southern tip of Africa the position of the 
subtropical convergence across the South Atlantic was also in acceptable adjust- 
ment. At the same time the continuation of the subtropical convergence around 
the world was properly related to Tasmania and New Zealand and disappeared 
in the eastern South Pacific, as it does in nature. A prominent feature in this 
part of the world turned out to be the divergence west of South America following 
the 50th parallel south. The Antarctic convergence was harder to discern. This 
may be due to the manner in which the model ocean water masses were dyed, but 
no really suitable method was found which would reveal the Antarctic conver- 
gence clearly or as a single continuous feature. Instead it invariably took the 
form of a spiral shown in Fig. 9 with eastward and northward-reaching arms 
rooted in the offing of Sabrina Land and the Palmer Peninsula, respectively. 

* Recent work on the effects of ocean width (fetch) on the speed of the flow in the zone of 


westward intensification has shown that the latitude at which these strong currents break 
away from the coast tends to increase with fetch, other wind conditions being the same. 

















Fig. 7. A representative photograph of the circulation patterns produced in the 

experiments with the northern-hemisphere model. The “cold” water masses are 

coloured red, the “warm” water masses are blue, and mixtures show intermediate 

tints. The narrowness of the Gulf Stream and Kuroshio is shown together with the 

manner in which both broaden by meandering after leaving the east coasts of North 
America and Asia respectively. 

















Fig. 9. A representative photograph of the circulation patterns produced in the 
experiments with the southern-hemisphere model. With the exception of the equa- 
torial current, which was stained both red and blue, the “cold” currents and water 
masses are coloured red, the “warm” water masses and currents are blue, and 
mixtures show intermediate tints. The northern edge of the red coloration in the 
Southern Ocean corresponds fairly closely to the observed position of the subtropical 
convergence. North of this line each ocean compartment contains its own nearly 
isolated gyre. Flow in the Southern Ocean is circumpolar except for stagnation in 
the small area midway between New Zealand and South Victoria Land. 
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The southern-hemisphere experiments were made primarily to see if a model 
would .conform easily to the picture of the ocean circulation given by the 
Deutschen Seewarte chart (1942), by DEACON (1933, 1937) and ScuortrT (1935, 
1942). In most respects the representation of the general circulation of the 
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Fig. 8. Frequency of wind direction and zonal wind speeds used in experimental 


studies of the ocean circulation of the southern hemisphere. The values shown were 
determined by the methods described in the text. 


southern-hemisphere oceans seemed satisfactory, except for three general 
features: namely, the spiralling of the Antarctic convergence, the structures of 
currents flowing northward along the west coast of continents, specifically the 
Peru or Humboldt Current, the Benguela Current, and the West Australian 
Current, which were poorly defined in the model and, in latitude 60° south, 180° 
west, a virtually motionless water mass which may or may not have a counter- 
part in nature. 


3 
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Factors Still to be Considered 

Work with planetary models to date has been concerned with the circulation 
of homogeneous water under climatological mean wind conditions. Problems 
obviously requiring attention are the effects on the oceans of seasonal variations 
in the wind field, studies of shearing instability in the zones of westward intensifi- 
cation, and of the effects of heating and stability on each of these. 

In both of the homogeneous fluid models it has been observed that the wind- 
driven circulation responds rapidly, within a matter of a “week” or two, to 
changes of seasonal amount in the applied wind field. It is believed that the 
response of the natural oceans to seasonal change in the atmospheric circulation 
is both smaller and much slower. It may be that baroclinicity acts in nature as a 
stabilizing influence or that there are compensating effects between hemispheres 
in the oceans as well as in the atmosphere. It is a matter of some interest, 
therefore, to observe experimentally how density fields play their role in the 
general circulation of the oceans. 

The model experiments with homogeneous water demonstrate that baro- 
tropic conditions are quite sufficient to maintain a realistic steady state circula- 
tion, but by their failure to produce the proper time of response to changing 
wind fields of seasonal character they suggest that the baroclinic structure of 
the oceans is required to store potential energy in a less accessible way than by 
simple lifting against gravity. In the barotropic model potential energy is 
accumulated as a slight rise of water level in the interior of each ocean gyre. 
This rise is produced and maintained by the lateral mass transport in the Ekman 
layer of frictional influence accompanying the wind stress. Beneath the surface 
layer of frictional influence there is a uniform horizontal gradient of pressure 
at every level which supports the geostrophic motion of the interior fluid. At 
the bottom, friction prevents geostrophic motion and there is some transport 
down the pressure gradient, but this loss is amply compensated by the more 
vigorous frictional transport up the pressure gradient at the surface. Dyes 
injected into the surface and bottom friction layers are selectively distributed on 
the sides of geostrophic currents, and with further dispersion and mixing by 
the interior circulations they eventually tint the ocean model in a manner which 
resembles the areal pattern of water masses observed in the layer above the 
main thermocline of the natural oceans. It seems probable that one need only 
substitute a difference in specific volume for the dyes to produce baroclinic 
structures in the pathways of geostrophic motion in middle depths. 

In an attempt to study this effect, a rotating tank 4 metres in diameter has 
been constructed and equipped with infra-red heaters to warm the surface layer 
of the model in low latitudes. The radiation of the heaters is of such a wave- 
length that the energy is almost completely absorbed within the thickness of the 
surface friction layer, as is the case in nature. Early results with this apparatus 
show that in addition to being applied to only a thin layer the heating must be 
very slow for the transport of the friction layer to carry a large fraction 
of the warmed water to the interior of each ocean compartment without 
appreciable conduction or diffusion vertically downward in the zone of surface 
heating. 

There may be meaning in these results to the extent that the influence of 
climate on the natural oceans is similarly weak and shallow, permitting the 
friction layer to transport warm surface water from the tropics to the interior 
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of the wind-driven gyre in each ocean and with the result that the main thermo- 
cline lies deeper there than in the zone of maximum surface heating. Further- 
more, if it is essential that the heating and deepening of the central water masses 
of the natural oceans take place very slowly to occur where they do, and the 
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Fig. 10. The surface expression of the Gulf Stream Front observed from the air 
during 26-27 February, 1953. Structures of a similar nature have been observed in 
the northern-hemisphere models. 
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barotropic mode of the wind-driven circulation is capable of being excited 
within a matter of a few weeks or months, then it seems probable that the shape 
of the main thermocline and the geographic distribution of baroclinicity in the 
upper layer of the oceans is both consequent and subsequent to the pattern of 
the wind-driven circulation. A comparison of experimental results obtained by 
heating without wind stress, with those involving wind stress without heating 
should clarify this matter. 

In the course of recent work it has been found that the swift western currents 
are very unsteady features in the models as well as in nature. There is no assur- 
ance that the character of the unsteadiness bears any resemblance to that in 
nature, but the coincidence of instability at these vastly different scales does 
prompt curiosity. The peculiar frontal structure of the Gulf Stream and short- 
term fluctuations in velocity which appeared in the northern-hemisphere models 
has been given preliminary study in the field (VON ARx, BUMPUS, and RICHARD- 
SON, 1955). Some of these results are shown in Fig. 10. 

As a matter of further verification it would be interesting to examine the 
behaviour of the Agulhas Current in response to seasonal changes in the 
trade/westerly wind-stress ratio suggested by both the southern-hemisphere 
model and MERz’s work (1925), and to see if the stagnation area in the Southern 
Ocean at latitude 60°S on the 180° meridian really exists. 


CONCLUSION 


Considering the relative simplicity of the ocean model experiments, it is a 
pleasant surprise that the circulation is reproduced in recognizable form. More- 
over, the few ingredients employed thus far seem sufficient to account for some 


of the features of the ocean surface motion that have been interpreted only with 
reference to a much greater variety of forces. It is to be hoped that with con- 
tinued effort along these lines the order of importance of the major physical 
factors involved in the ocean-atmosphere system may be discerned and their 
relationships identified clearly enough to aid in the interpretation of field data as 
well as to suggest problems for theoretical study. 
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A SURVEY OF THE QUALITY OF SOME 
OF THE PRINCIPAL ABUNDANCE DATA OF 
GEOCHEMISTRY 


By L. H. AHRENS 


INTRODUCTION 


THE progress of geochemistry and its present status as a science depend ulti- 
mately on how effectively we have been able to utilize the pool of quantitative 
abundance information now available. The real value of this information, the 
data of geochemistry, depends both on its quantity and its quality. Although we 
will always wish for yet more information, the amount that has accumulated is 
vast: our immediate concern is the quality of this information. We accept the 
fact that an analytical determination is rarely perfect, but error may be slight 
and quite insignificant; the possibility of really serious error is, however, another 
matter. 

The data of geochemistry include information on all the geospheres (atmos- 
phere, biosphere, lithosphere, etc.) and their components, as well as meteorites; 
here attention will for the most part be confined to the commonest igneous rocks 
and meteorites, materials which are of particular concern to the petrologist and 
to those attempting to estimate abundances of elements in the earth’s crust, earth 
as a whole and cosmic abundance. It would be an impossible task to assess the 
quality of each published analysis of these materials!—but an examination of 
some of the data provided by those methods which have been most widely 
applied (for example, classical or conventional methods of rock analysis and the 
spectrochemical procedures) should give us some notion of the quality of much 
of the existing data of geochemistry and also an idea of progress in the analytical 
procedures which are being applied. This will be the main purpose of our survey. 
After discussing some of the data provided by methods which have been widely 
applied, we will briefly consider some of the results of neutron activation 
analysis, a procedure which in the future is likely to be of great benefit to 
geochemistry. 

A few methods (X-ray spectrograph and polarograph, for example) have 
served admirably in providing geochemical data on one or perhaps a very small 
number of elements, but for the purpose of this survey they will not be considered. 

In attempting to survey the quality of some of the principal abundance data of 
geochemistry, we clearly cannot go back indefinitely in time. For data produced 
by the conventional or classical methods of chemical analysis, the later part of 
the nineteenth century is a reasonable starting point but, for the variety of 
procedures which have been used to provide abundance data on rare elements, 
the last two decades or so only will be considered. 

In setting up such limits, it would be incorrect to imply that very early abun- 
dance data were useless. They served in any case a purpose at the time and, 
although they do not now feature in estimates of geochemical abundance and 
calculations of composition, some early analyses were nevertheless of quite high 
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quality, and before proceeding to the main discussion we may find it instructive 
to refer very briefly to a few of the early data of geochemistry. 

The development of quantitative chemical methods developed quite rapidly 
in the early nineteenth century, and by the middle of that century it was possible 
to arrive at quite accurate conclusions about the composition of many minerals 
and rocks. Somewhat later, in 1878, NORDENSKIOLD stated that the abundances 
of some of the commonest elements (Si and Mg, for example) were remarkably 
uniform in the commonest of ail meteorites, the chondrites. This highly signi- 
ficant conclusion for cosmochemistry, since fully confirmed—see below—could 
only have been reached provided the analytical data were free from serious error. 
Only a fairly small number of observations were made on elements at low 
concentrations and, though a high proportion of them are evidently grossly in 
error, some are significant. We read in BISCHOFF’s Elements of Chemical and 
Physical Geology for example that, as early as 1855, STROMEYER referred to Ni 
enrichment in olivine, reporting two specimens with 0-3 per cent or so, and that 
WALCHNER drew attention to the ubiquity of traces of Cr in the same mineral. 
Ni-Cr enrichment in olivine and ultramafics in general is a topic of much current 
geochemical interest. There is also the interesting observation (BISCHOFF, 1855; 
pp. 7-8) that it had been known for a long time that the fluorine content of fossil 
bone was far greater than modern bone and that, indeed, there was a correlation 
between length of burial and fluorine content; such relationships, it may be 
recalled, were recently used as evidence in exposing the hoax of what was once 
known as Piltdown Man! 

. When analysts develop new methods they usually provide some indication of 
the accuracy and precision which should be attainable. Such predictions are 
often based on quite exhaustive tests and we could of course merely examine 
original publications and present a table of error limits, as suggested by authors, 
as a guide to the quality of much of the published geochemical data. Unfortu- 
nately, this would be grossly misleading in several examples, and in seeking some 
approximate appraisal of the quality of principal abundance data of geochemis- 
try, we must examine other evidence—evidence based mainly on large numbers 
of observations which may be treated with some statistical rigour and evidence 
based on a comparison of data provided by a variety of distinctly different 
analytical methods. FLEISCHER (1955) has recently discussed the reliability of 
abundance estimates of some of the rare elements, notably Bi, Ge, Ga, and Y. 
Bi and Ga represent two extremes in reliability as data on Bi are greatly inferior, 
both in quantity and in quality, to Ga. 


CONVENTIONAL OR CLASSICAL METHODS OF CHEMICAL 
ANALYSIS 


The classical or conventional methods of rock analysis became fairly well 
established during the second half of the last century and, with minor modifica- 
tions, have remained essentially unchanged since they were described in detail by 
HILLEBRAND (1900); for more up-to-date accounts, see WASHINGTON (1930), 
HILLEBRAND and LUNDELL (1953), and Groves (1951). The great bulk of the 
vast amount of information now available on common elements in rocks and 
many minerals has been provided by these methods, and the extent of their 
application may be gauged by the fact that CLARKE and WASHINGTON’s (1924) 
great compilation, on the data of geochemistry, was based on 5159 “superior” 
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rock analyses (for earlier compilations, see WASHINGTON, 1903; 1917). The 
number is of course much greater now. These data on the common elements 
(usually Si, Fe, Al, Mg, Ca, Na, K, Ti and sometimes a few other elements) serve 
as the foundation on which geochemistry is being built, and receive particular 
attention in this survey. 

Those who developed the classical procedures, as well as others who have used 
them, have frequently attempted to indicate their accuracy, but no real insight 
into the quality of this immense pool of published information could be gained 
until FAIRBAIRN and others (1951) organized a large-scale world-wide inter- 
laboratory investigation. Thirty-four analysts of repute participated, and ana- 
lysed (usually in duplicate) two common igneous rock types, a granite from 
Westerley, Rhode Island, and commonly referred to as G-1, and a diabase from 
Centerville, Virginia, and commonly referred to as W-1. Some of the most 
significant results are given in Table 1 (FAIRBAIRN ef al., 1951; FAIRBAIRN, 
1953). Constituents are arranged (first column) in order of decreasing amount. 
The second column gives the value which is regarded as the best estimate 
(FAIRBAIRN, 1953); this may be the average of all observations, after perhaps 
rejecting a few which appear to be seriously aberrant, or perhaps the concensus 
mean, equivalent to the most frequent observation as indicated by the mode of a 
frequency-distribution diagram of the individual determinations. 


Table 1. Relative Deviations of Several Constituents in Standard Rocks 
G-1 and W-1, as given by FAIRBAIRN, 1953 (arranged in order of 
Decreasing Concentration of Constituent) 





| Relative* 
| deviation (%) 


Constituent 





| 
| 


SiO, (G-1) 0-5 
SiO, (W-1) | 06 
Al,O; (W-1) | 3-3 
Al,O, (G-1) 4 2:2 
CaO (W-l) | oIL | 1-8 
FeO (W-l1) | , | 4:7 
MgO (W-1) | 4-2 
K,O (G-1) | 5 68 
Na,O (G-1) | ; a2 
Na,O (W-1) 9:3 
CaO (G-1) : 8-2 
TiO, (W-1) 14-0 
FeO (G-1) | ‘ 13-5 
K,0 (W-1) 23 
MgO (G-l) | 0 27 
TiO, (G-1) | 17 
MnO (W-1) | ; 21 
PO; (W-1) | 33 
P.O, (G-l) | 39 
MnO (G-1) | : 28 








* Coefficient of variation, per cent spread and per cent standard deviation have been used 
as synonyms. 
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The spread of individual values, expressed as relative deviation,* is given in 
the third column. Two conclusions may be drawn from the data of Table 1; 
first, that in general, the individual determinations by conventional methods of 
chemical analysis are not as accurate as we have commonly regarded them to be 
(FAIRBAIRN et al., 1951). Though this comes as a disappointment, the conse- 
quences are not as a rule serious for those elements which are present at really 
high concentrations in a given specimen, because they have evidently been 
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Fig. 1. The general relationship between relative deviation, an approximate measure 

of precision (reproducibility), and the concentration of each constituent in granite 

G-1 and diabase W-1. Conventional methods of chemical analysis (adapted from 
AHRENS, 1954a). 


determined with an accuracy which is adequate for most mineralogical, petro- 
logical, and geochemical purposes; see, however, WALKER (1953) for a discus- 
sion of the significance of analytical error in petrology. A second conclusion 
from Table 1 is that the magnitude of the relative deviation increases more or 
less regularly with decrease of concentration; this is of great geochemical 
concern and is a strong indication that the quality of some of the data for 
elements at low concentrations may be very poor indeed. The second general 
conclusion is demonstrated graphically in Figs. 1 and 2 (AHRENS, 1954b). The 
relationship in Fig. 1 is general, whereas in Fig. 2 pairs of points (G-1 and W-1) 
for each constituent are joined. A few distinct features about Figs. 1 and 2 may 
be noted. With the exception of aluminium, the slopes of lines joining the pairs 


* This quantity is calculated on the assumption that the observations are normally distri- 
buted. Observations rarely conform precisely to one of the type distributions (the normal 
distribution is the commonest) set up by mathematicians, and the suite of observations under 
discussion is no exception. Distributions approximating various types (normal, lognormal, 
negatively skewed, etc.) have been found in this suite of observations (AHRENS, 1954a) and 
precise estimates of precision would have to take this into account. A single distribution may, 
however, be assumed for the general purpose of comparing semiquantitatively the repro- 
ducibility of the determinations on each element. 
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of points are similar to that of the stream of points as a whole (Fig. 1); those for 
TiO, and MnO (No. 9 and 11 in Fig. 2) determined colorimetrically are lower 
than the rest. Fe,O, determinations are evidently distinctly inferior to those of 
other constituents at the same concentration; those of lime appear to be superior. 
Thus, for example, the relative deviations for lime and ferric oxide each at 1 per 
cent are about 10 per cent and almost 40 per cent, respectively, as read off 
Fig. 2. (The vertical dashed lines may be used to compare relative deviations at 
different concentrations—0-1 per cent, 1 per cent, and 10 per cent.) These 
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Fig. 2. As in Fig. 1, but in detail. Each pair of points refers to one constituent 
(adapted from AHRENS, 1954a). 





statistical data provided by the investigation on G-1 and W-1 do not of course 
apply rigorously to each of the thousands of estimates obtained by methods of 
classical chemical analysis, but they do serve the invaluable purpose of appraising 
the quality of the data as a whole. The statistical data may also often be used as 
a semiquantitative guide as to the accuracy of individual published data 
(AHRENS, 1954b). 

Keeping in mind the deterioration of the quality of data at low concentrations 
(Table 1 and Figs. 1 and 2) we may turn to consider analytical data on meteor- 
ites, with particular emphasis on the chondrites. These silicate meteorites are 
the most abundant of all meteorites, and estimates of the cosmic abundances of 
many elements are invariably based, at least to some considerable extent, on 
their estimated concentrations in these extraterrestrial bodies. 

BROWN and PATTERSON (1947) examined statistically the many hundreds of 
analyses available on stony meteorites, and concluded that the dispersion of 
concentration, expressed as the relative deviation, tended to increase with 
decrease in concentration; this tendency is shown graphically in Fig. 3 (after 
BROWN and PATTERSON). The analytical data had come from conventional 
methods of chemical analysis and with our second conclusion above on G-1 and 
W-1 in mind, their conclusion becomes immediately suspect. As, however, the 
data used by BROWN and PATTERSON involve more than one specific type of 
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stony meteorite, it is difficult to continue the discussion much beyond this state- 
ment of doubt about the conclusion. Chondrites only were examined by UREY 
and Craic (1953). They examined some 286 chemical analyses mainly for the 
purpose of estimating cosmic abundance. One hundred and ninety-two were 
discarded mainly for the reason that the value(s) for one or other constituent 
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Fig. 3. The relationship between relative deviation and the average concentrations 
of twelve constituents in the silicate phase of stony meteorites (adapted from BROWN 
and PATTERSON, 1947). 


appeared to be grossly different from the value(s) which the main body of evi- 
dence had led them to consider as likely; the remaining ninety-four were regarded 
as superior. Table 2 gives calculated relative deviations on eight constituents in 
their selected group of analyses together with their estimated abundances and 


Table 2. Relative Deviations of Several Constituents in Chondrites; 
Based on 94 Selected ‘“‘Superior” Analyses (UREY and CRAIG, 
1953). (Arranged in Decreasing Order of Abundance of 
Constituent.) 





Estimated Relative 
Constituent abundance deviation 


(%) (%) 





SiO, 38-04 723 
MgO 23-84 7-34 
Al,O; 2°5 ‘ 27:7 
CaO 1:95 24-6 
Na,O 0-98 39-3 
P.O; 0-21 49-9 
K,0 0-17 62:5 
TiO, 0-11 65-9 
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Fig. 4 relates relative deviation to estimated abundance. The trend reported by 
BROWN and PATTERSON is still clearly evident in this selected suite of analyses of 
one type of meteorite. 

The first direct and quite emphatic evidence that dispersion is not inversely 
related to concentration in chondrites came from a series of spectrograms taken 
in 1951 by W. H. Pinson, working with the author in the Cabot Spectrographic 
laboratory, M.I.T.; see for example PINSON, AHRENS, and FRANCK (1953). The 
spectra of some twenty chondrites had been recorded under standard conditions, 
for the sake mainly of determining scandium; one glance at the plates sufficed 
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Fig. 4. As in Fig. 3, but for eight constituents in chondrites only. 





to show that the line intensities of all detectable elements varied very little 
indeed from specimen to specimen. (For Li, K, Rb, Sc, Sr, Ba, and Zr—and 
presumably several other elements—relative deviations of 15 to 25 per cent were 
reported by PINSON, AHRENS, and FRANCK (1953); about one half of this 
dispersion is estimated as analytical error.) This overwhelming evidence has left 
no doubt that the great apparent spread of determinations reported in meteorites 
for elements when present at low concentrations was due almost entirely to 
analytical error. Observations reported recently (for Mo; KuRODA and SAN- 
DELL, 1954: Na and K; Epwarps and Urey, 1955, and Epwarps, 1955: for 
Ga; ONISHI and SANDELL, 1956) provide corroborative evidence that the majo- 
rity of elements are very uniformly distributed in meteorites. 

Two specific examples, that of Na and K in chondrites and that of Ti in 
chondrites, will be examined in some detail in order to illustrate further the 
magnitude of serious error which has arisen when constituents at fairly low 
concentrations have been determined by conventional methods of chemical 
analysis. Though flame photometric methods are now often used to determine 
Na and K when present at low concentrations, the majority of determinations 
referred to in the Urey and Cralc group of superior analyses were undoubtedly 
obtained by the conventional LAWRENCE-SMITH procedure, a method capable 
of achieving high accuracy at high concentrations. Figs. 5 and 6 compare 
histograms of Na and K respectively in the UREY and Craic data with those 
determined in several chondrites by furnace distillation—flame photometric 
procedures (EDWARDS and Urey, 1955; EDWARDS, 1955). The contrast is 
striking and emphasizes the fact that dispersion in the earlier data is due almost 
entirely to analytical error. 
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The second example is demonstrated graphically in Fig. 7 which compares a 
histogram of Ti in selected analyses of chondrites (UREY and CRAIG, 1953) with 
values obtained spectrochemically by PINSON (1954). Though the reproducibility 
of the spectrochemical procedure is not claimed to be high (perhaps about 20 per 
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Fig. 5. Histograms of Na in chondrites using Fig. 6. As in Fig. 5, but for potassium 
a 0-2 per cent interval. (a) Furnace distilla- (005% K interval). Unlike sodium (Fig. 
tion—flame photometric determinations of 5), the most frequent potassium con- 
Epwarps and Urey (1955) and Epwarps_ centration in (a) is distinctly displaced 
(1955); (b) conventional methods of chemical from that in (b). 
analysis—selected group of “superior” analyses 

(Urey and Cralia, 1953). 


cent) it is nevertheless adequate to show clearly that a considerable proportion of 
the variation of Ti concentration in the selected suite of chondrites is evidently 
due to analytical error. Although uniformity of composition of chondrites has 
been emphasized above, it is as well to remember that the composition of these 
bodies does vary in certain respects, and a classification into groups has been 
made on this basis (WK, 1956; includes references to earlier work). 
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The experience with granite G-1, diabase W-1 and the chondrites has perhaps 
been the most salutory in the whole history of the study of the composition of 
terrestrial and extraterrestrial materials. 

Before turning to consider the quality of some of the geochemical data which 
have been provided by instrumental and other procedures we will refer briefly 
to the recent developments of the so-called rapid methods of chemical analysis. 
Clearly the greater body of geochemical data on the commoner elements will in 
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Fig. 7. Histograms of Ti in chondrites. (a) Spectrochemical determinations of 
PINSON (1954), and (b) conventional methods of chemical analysis—selected group 
of “superior” analyses of Urey and Craic (1953). (Figs. 7 (a) and 7 (b) adapted 
from Pinson, 1954.) 





future be provided by procedures based on or related to those originally de- 
scribed by SHAPIRO and BRANNOCK (1952, 1956) and discussed by Mercy (1956). 
Already many rocks have been analysed; SHAPIRO and BRANNOCK refer to 952 
silicate-rock analyses carried out at the U.S. Geological Survey laboratories 
between March, 1951, and March, 1955, and MERCy’s discussion is based on 200 
analyses at the Imperial College of Science and Technology. Though developed 
originally for obtaining rapid and fairly approximate data, these methods have’ 
been improved considerably, and SHAPIRO and BRANNOCK (1956) claim that, as 
a generalization, results should be as accurate as those usually obtained by the 
conventional methods. For further discussion of the quality of the data provided 
by these methods, see MERcy (1956). 
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SOME OBSERVATIONS ON INSTRUMENTAL AND PHYSICAL 
METHODS OF ANALYSIS 


Second only to the conventional procedures in supplying geochemical data have 
been the spectrochemical procedures. Estimates of the crustal and cosmic 
abundances of many elements (for example, Li, Rb, Cs, Sr, Ba, Zn, Pb, B, Sc, 
some rare earths, Ga, Ge, In, Tl, Zr, V, Cr, Co, and Ni) are based wholly or in 
part on data provided by spectrochemical methods. We have already noted the 
role that spectrochemical methods played in revealing serious error in certain of 
the data provided by the conventional procedures, and we may now give some 
consideration to the quality of the data which they have provided. Their 
principal application in geochemistry began in the 1930s when semiquantitative 
and quantitative methods were developed by the physicists working at Gottingen 
University with the late V. M. GOLDSCHMIDT. These methods soon indicated 
that many previous abundance estimates of several rare elements were in error 
by whole orders of magnitude; for example, values of 0-00000X p.p.m. and 
0:000000X p.p.m. for Ge and Ga respectively, listed by CLARKE and WASHINGTON 
(1924) were revised to 15 p.p.m. and 7 p.p.m. It is not our main purpose here, 
however, to consider in detail where these methods have been most successfully 
applied in completely revising earlier data on the rare elements, but rather to 
illustrate by means of a few typical examples the extent and type of error which 
may arise from the use of these methods, and thereby convey an idea of the 
range of quality of the geochemical data which they have provided. First, some 
observations relating mainly to the reproducibility of these methods. Consider 
the barium content of chondrites. VON ENGELHARDT (1936) determined barium 
spectrochemically in eight chondrites; see column headed von E. in Table 3. The 


Table 3. A Comparison of some Ba Determinations in Chondrites 





Ba (p.p.m.) 





PINSON, AHRENS, 
and FRANCK 





L’Aigle, France 
Holbrook, Arizona 
Hungary 
Erx Uben, Saxony | 
Barbotan, France | 
Chautonnay, France 
Avilez, Mexico | 
Bjurbole, Finland | 
Pultusk, Poland | 
Homestead, Iowa | 
Rancome, North Carolina | 
| 
| 








| 
| 
| 


Waconda, Kansas 





(Not averaged) | Average 8 
| 





considerable spread of values, from below the detection limit of ~ < 1 p.p.m. 
to 10 p.p.m. or so, is contrary to what is expected in chondrites, and is an 
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indication that the analytical method is not highly reproducible. The evidence 
from the data of PINSON, AHRENS, and FRANCK (1953) confirms this indication: 
their spectrochemical analyses of twenty-one chondrites showed that the barium 
concentration varied very slightly, not only in those specimens where direct 
comparison could be made (Table 3) but in the suite of specimens as a whole. 
Estimates of cosmic abundance of Ba up to 1952 (GOLDSCHMIDT, 1937; BROWN, 
1949; RANKAMA and SAHAMA, 1950; and Urey, 1952) have all been based on 
the data of VON ENGELHARDT; the most recent of these estimates (UREY, 1952) 
is 3 p.p.m. This value is only one third of the value given by PINSON, AHRENS, 
and FRANCK (1953), and the greater precision (reproducibility) of their data 
leads at first thought to the conclusion that their abundance estimate is the 
better of the two. This may be so, but a high precision does not remove the 
possibility of serious systematic error (bias), an aspect which we consider shortly. 

The reproducibility of some spectrochemical methods can be quite high, as the 
column of values below (Table 4) from FAIRBAIRN, AHRENS, and GORFINKLE 
(1953) testify. Gallium was determined in many samples of Canadian diabase, 
and their conclusion that the gallium concentration varied very slightly indeed 
could only have been reached provided the analytical method was highly 
reproducible. The magnitude of these values (Table 4) agrees closely with the 


Table 4. Ga Content of some Specimens of Ontario Diabase 





| 


| Ga 
Locality No. | (p.p.m.) 





1318 
1322 
1323 
1324 
1352 
1550 
1146 
1148 
1316 
1329 
1503 | 





From two localities: 1318-1550 Matachewan and 1146-1503 post-Nipissing. (For details 
see original paper.) 


gallium contents of similar igneous rocks which have been determined spectro- 
chemically by various workers (SHAW, this volume) and also with values which 
have been obtained by a totally different (colorimetric) method (Sandell, 1949); 
accordingly, in this example, the spectrochemical values are likely to be free 
from serious systematic error. In no other general method, however, is the 
problem of systematic error so acute as in the spectrochemical procedures; such 
error may of course be quite insignificant, as in the example above of gallium, 
but may be quite extreme as in the example of rubidium which we now consider. 
This example is of unusual interest as it serves also to indicate the variety of 
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analytical tools which have recently been applied to the problem of obtaining 
accurate geochemical abundance data. 

Rubidium was discovered spectroscopically in 1861 by BUNSEN and KIRCHOFF, 
and spectrochemical methods have since provided the great bulk of the geo- 
chemical data on this element. A large number of publications (RANKAMA, 1950; 
Geochimica et Cosmochimica Acta, 1950-1956) discuss spectrochemical deter- 
minations of Rb in rocks. Consider granite alone: we may refer in the first 
place to GOLDSCHMIDT et al. (1934), who report 800-1000 p.p.m. Rb in German 
and other granites; a similar magnitude (1200 p.p.m.) has been reported in 
Finnish granites (ERAMETSA, SAHAMA, and KANULA, 1941) and subsequently by 
others in granites and related rocks from other parts of the world. A magnitude 
of about half the above value is given by AHRENS, PINSON, and KEARNS (1952) 
for New England granites, and Epte (1951) for a large number of Canadian 
granites and allied rocks. Their determinations were all calibrated in terms of 
the recommended value of rubidium in granite G-1 (AHRENS, 1954b). The 
recommended value itself was based on spectrochemical determinations from 
various laboratories. Rubidium has since been determined in granite G-1 and 
also diabase W-1 by radioactivation (Smales, 1955), isotope dilution-mass 
spectrometric (HERZOG and PINSON, 1955) and flame photometric (G-1 only; 
see HERZOG and PINSON, 1955) procedures; the results are given in Table 5. 


Table 5. Estimates of Rubidium in Granite G-1 





Rb 
(p.p.m.) 





Value originally recommended (AHRENS, 1954a) 
based on spectrochemical procedures 570 


Neutron activation (SMALES, 1955) 221 
254! 
243 


Isotope dilution—mass spectrometric (HERZOG 
and Pinson, 1955) 218 
215 





Flame photometer (HoRSTMAN, as reported by 
Herzoc and Pinson, 1955) ae 





Agreement between neutron activation, isotope dilution-mass spectrometric, 
and flame photometric determinations provides strong evidence that the pre- 
viously recommended values of Rb in G-1 and W-1 and, in rocks which have 
been calibrated in terms of previously recommended G-1 and W-1 values, are too 
high by a factor of a little more than two (PINSON and HERzOG, 1955; TAYLOR, 
EMELEUuS, and Ex.Ley, 1956). This holds also for the estimated abundance of Rb 
in igneous rocks as a whole. It is quite possible also that the rubidium values 
reported by earlier workers referred to above are systematically too high by a 
factor of three to four. 

The experience with rubidium contrasts sharply with that of its alkali-metal 
neighbour, potassium. Spectrochemical procedures were the first (AHRENS, 


4 





PINSON, and KEARNS, 1952; HOLYK and AHRENS, 1953) to indicate serious error 
in chemical estimates of potassium when at low concentrations, as in chondrites 
and ultramafic rocks. This general observation has since been corroborated by 
SULLIVAN (see AHRENS, 1954a), EDwaArDs and Urey (1955) and Epwarps (1955); 
but, as was not the case with the example of rubidium, the corroborative data are 
often in very close agreement with the spectrochemical values. The reasons 
seem clear: as in the example of Rb, granite G-1 and diabase W-1 were also used 
as standards for the spectrochemical determination of potassium in silicate rocks 
and meteorites, but unlike Rb (see above) the values recommended (FAIRBAIRN 
et al., 1951) for potassium are based on chemical and flame photometric deter- 
minations which for the most part were accurate and free from systematic error. 

The need for removing systematic error by interlaboratory use of standard 
samples has been emphasized by FLEISCHER (1955) in his discussion on the relia- 
bility of the estimates of the abundances of elements. 

In Table 5 we recognize two newcomers which are being applied to geo- 
chemistry. The main application of the isotope dilution procedures has so far 
been for the determination of geological age (lead, strontium, and argon 
_methods; see for example AHRENS (1956a, b) for references to original publica- 
tions); but the radioactivation (neutron activation) procedures are being applied 
quite extensively for obtaining quantitative geochemical abundance data for 
elements when present at low concentrations. The first application of a neutron- 
activation method in geochemistry is described by BROWN and GOLDBERG 
(1949, 1950) who determined Ga, Pd, Au, and Re in meteorites (see also GOLD- 
BERG, UCHIYAMA, and Brown, 1951). Smales and co-workers (SMALES and 
SALMON, 1954; SMALES, 1955; VINCENT and SMALES, 1956; SMALES and others, 
unpublished) have modified and applied these procedures for determining a 
number of rare elements in geological materials. The information on G-1 and 
W-1 in Table 6 shows which elements have so far been determined, and gives 


Table 6. Neutron-activation (Harwell pile) Determinations of some 
trace constituents in G-1 and W-1 (SMALES and Co-workers; 
see below)* 





G-1 W-l 
(p.p.m.) (p.p.m.) 





0-010 0-018 
<0-010 0-019 

271 49 

1-0 73 

9:3 112 
239 27 

3-4 0-50 











Cs, In, Ge, As, and Sr, are being investigated in G-1 and W-1, and values are likely to be 
available in the near future. 


* Au and Pd, with E. A. VINCENT; Co, Cu, and Ni, with D. Mapper and A. J. Woop; 
Rb, with M. J. CABELL, and U, with E. HAMILTON. 
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some idea of what concentration levels have been handled. Reproducibility is 
usually high, but original publications should be consulted for such detail. As 
these procedures are apparently free from systematic error and, as a rule, 
serious interference, accuracy should be high. A particular aspect of their value 
to geochemistry is discussed in the last section of this survey. 


\ 


SOME NOTES ON COLORIMETRIC PROCEDURES 


The application of quantitative colorimetric and related procedures for deter- 
mining small quantities of rarer elements in geological materials is not new. It 
is during the last decade or so, however, that a particularly large number of 
determinations have been made, mainly at the University of Minnesota by 
SANDELL and his co-workers. Abundance estimates on several elements; for 
example, W (SANDELL, 1946), Ga (SANDELL, 1949; ONISHI and SANDELL, 1956), 
Be (SANDELL, 1952), Mo (KURODA and SANDELL, 1954), As (ONISHI and 
SANDELL, 1955), Sb (ONISHI and SANDELL, 1955), Cu, Cd, Zn, Ni, Co (SANDELL 
and GOLDICH, 1943) in meteorites or in the earth’s igneous rocks, are based 
either in part or wholly on these measurements. 

Although all the analytical procedures may be classified broadly under one 
heading, and although all observations come from one laboratory, it is difficult 
to attempt generalizations such as have been made above. In the first place, 
these methods are specific and accordingly cannot be handled in a fairly general 
way as is sometimes possible for the spectrochemical methods; and secondly, 
we cannot use the approach applied to some of the data of the classical methods 
of chemical methods because large-scale interlaboratory investigations involving 
these procedures have not been undertaken. The comments which follow must 
therefore be very brief. 

Taken as a whole, the quality of the block of geochemical data provided by 
these methods is evidently high. The accuracy and reproducibility claimed by 
the authors is usually good, and other evidence may be found to support this 
(for example, the uniformity and magnitude of the Ga concentration in some 
specific igneous rocks, and the uniformity of the Ga and Mo concentration in 
chondrites. We recall again that such evidence from the chondrites does not 
necessarily apply to all elements, as some, As for example, may show a large 
spread of values). It is possible that the quality of some of the data are distinctly 
poorer at low concentrations. For example, in the range 0-1-0-5 p.p.m. KURODA 
and SANDELL (1954) give their values of Mo to within one significant figure. This 
was evidently done because the estimated precision was 0-1-0-2 p.p.m. Mo over 
the range 0-1 p.p.m., which at concentrations of ~ 0:1-0:5 p.p.m. is relatively 
poor. For Mo contents > 1-2 p.p.m., the estimated precision is much better, 
namely, ~ 10 per cent. 


A FEW COMMENTS ON FUTURE DEVELOPMENTS 


It is not easy to be prescient when considering future progress. Certainly, the 
developments of the last five years or so provide grounds for optimism. For the 
abundant elements we may anticipate some speedup in the production of data 
because of fairly wide application of the rapid procedures, and perhaps some 
slight overall improvements in quality due in part to the salutary effect of the 
G-1 and W-1 revelations. Petrology will benefit most from such developments. 
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Abundant data of high quality on several rare elements remains, however, the 
most serious need in geochemistry, and here particular emphasis should perhaps 
be given to the introduction of the highly accurate instrumental procedures such 
as radioactivation and isotope dilution. Though these methods themselves are 
highly specialized and, particularly in the case of neutron activation, are not 
available in laboratories undertaking geochemical research, with their help it 
should be possible to obtain a few very accurately analysed rocks, meteorites, 
and minerals. These may then be used as natural standards for methods— 
particularly spectrochemical methods—available in most laboratories and for 
cross-checking purposes, as is being done with G-1 and W-1; herein lies much 
of the great value to geochemistry of these very sensitive and accurate procedures. 
It is heartening to know that this object is in view in the Harwell Programme 
(SMALES and co-workers—above) on precision determination of rare elements 


in geological materials. 
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BOUNDARY CONDITIONS FOR THEORIES OF 
THE ORIGIN OF THE SOLAR SYSTEM 


By HAROLD C. UREY 


For many years astronomers have recognized certain conditions which must be 
met by any correct theory for the origin of the solar system. Sir HAROLD 
SPENCER JONES reviewed these conditions in Volume I of this series and has given 
an excellent review of the theories which have been proposed by astrophysicists 
and others during the past centuries, and particularly of the more recent attempts 
at such theories. It is evident that these theories are inadequate and in many 
ways unsatisfactory though certainly valuable ideas are contained in the more 
recent ones. It is the purpose of this chapter to review additional evidence which 
has been developed in recent years, or the importance of which has been recog- 
nized recently. It is evident that this additional information is of great import- 
ance in devising theories and in selecting between various plausible possibilities. 
It is not at all certain that it is sufficient to lead to reasonable agreement on a 
proper theory of the origin of the solar system among students of the subject. 


1. THE ESCAPE OF GASES FROM THE PLANETS 


ASTON pointed out many years ago that the abundances of the inert gases were 
much lower on the earth’s surface than they should be on the basis of reasonable 
interpolations in any abundance table of the elements. The discovery of large 
amounts of neon in stars by RUSSELL and MENZEL” confirmed this conclusion. 
They concluded that the inert gases and most of the hydrogen, water, carbon, 
and nitrogen had escaped from the earth in an early high-temperature stage with 
some water, carbon and nitrogen remaining in the interior of the earth due to 
their ability to form stable chemical compounds. Pace) pointed out that the 
heavier inert gases could not be selectively lost from the earth, if its accumulation 
into an object of its present size and mass was complete, since the temperature 
necessary for their escape would be very high. Hence, this escape must have 
occurred while the mass of the earth was distributed over a much larger volume. 
Sugss’®) discussed the loss of the inert gases noting that the fractional losses of 
the lighter gases were much greater than for the heavier ones. He found that the 
fractionation F followed the formula 


log F = — 7-1 — 10¢0-045a1 


where M is the atomic weight. KurPEr“) pointed out that if the variation in F is 
due to planetary escape, the coefficient of the exponential term should contain 
M? as a factor and derived the formula 


log F = — 7:24 — 0:95M‘eO-, 


The coefficient of M in the exponent depends on the temperature and in fact 
indicates temperatures of some 9000°K, if the earth had its present mass and 
radius, which is an impossibly high temperature. Sugss points out that the term 
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— 7-1 indicates that all gases were lost by hydrodynamic flow until only 10-7" 
of the original mass was left. This must have occurred while the earth’s mass was 
widely dispersed. Then some escape of gases occurred in which gravitational 
escape of gases was important, probably during the period of accumulation of 
the more nonvolatile material of the earth, during which time the gravitational 
field was changing with time. This escape of the inert gases and retention 
of the chemically active gases is an important condition for the origin of the 
earth. 

The problem of the retention of the chemically active gases by the earth and 
meteorites was the subject of an extensive investigation by Urey. 7) Though 
the chemical compounds in which water, nitrogen, and carbon were retained are 
unknown, we do have considerable knowledge about these compounds and can 
make rather definite statements about the physical conditions. In the presence 
of solar proportions of the elements, water, nitrogen, and carbon would be 
highly volatile at high temperatures—water as water, nitrogen as nitrogen gas, 
and carbon as methane, acetylene, carbon monoxide, and carbon dioxide. In 
fact carbon, if equilibrium were attained, would be volatile as these compounds 
unless the pressure was below 10-!° atm and temperature below about 400°K 
(Urey?) while nitrogen and water would be retained only at higher pressures 
and at moderate temperatures. Graphs were given estimating the relations 
between pressure and temperature. The conclusion was reached that accumula- 
tion of the materials of the earth and meteorites must have occurred at low 
temperatures and that these materials were never heated to high temperatures in 
a finely divided form at any time during the formation of the earth and meteor- 
ites. The earlier discussion on carbon indicated a high temperature origin, but 
this was corrected later. Below the line I of Fig. 1, all water would be volatilized 
in equilibrium with liquid or solid water in the presence of the solar proportions 
of water and hydrogen. Below the line II all water would be volatilized in 
equilibrium with magnesium hydroxide and magnesium oxide. The limiting line 
for hydrated silicates would lie between I and II. Below the line III all nitrogen 
would be volatilized in equilibrium with ammonium chloride. No other more 
stable nitrogen compounds seem to exist. Carbon would be stable as graphite 
only within the area G. It seems most likely that carbon, nitrogen, and oxygen, 
as water, were at least partly accumulated as carbon compounds, such as those 
found in carbonaceous chondrites (MUELLER'®’) or those which make up the 
solid bodies of comets. Such low-temperature accumulation has been suggested 
by TER Haar") and is an essential part of the theories of the Soviet scientists 
associated with O. J. Scumipt.® However, the proof for this low temperature 
requirement rests on the chemical properties. of these compounds of carbon, 
nitrogen, and oxygen. 

Urey» has further considered the volatilities of other elements in the presence 
of the solar proportions of the elements as functions of temperature and pressure. 
The study is necessarily incomplete and more approximate than could be desired, 
partly because of the very large problem of discussing all the elements in their 
many possible condensed and volatile compounds, and partly because of our 
inadequate knowledge of these compounds and their properties. However, one 
fact becomes obvious after limited study, namely that very great differences 
exist in volatilities of the elements under some conditions which have been 
postulated for the forming earth. Mercury particularly is a very volatile element 
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in the presence of hydrogen gas, as are also arsenic, cadmium, zinc, sulphur, and 
probably selenium and tellurium. But at elevated temperatures in the presence 
of hydrogen substantial differences in volatilities of magnesium as Mg, silicon as 
SiO, calcium as Ca, and aluminium as Al,O exist. Urey'®» ”) attempted to 
estimate relative volatilities of MgO, CaO, Na,O, and SiO,. These compounds 
are far simpler than those which exist in silicate minerals and melts, hence the 
comparative volatilities are only rough approximations. At 1500°K the relative 
volatilities in the presence of cosmic proportions of hydrogen and water are 
about as follows: 


Mercury as the element 670 atmospheres 
Cadmium as the element 35 atmospheres 
Zinc as the element 12 atmospheres 
Silicon as SiO from MgSiO, 10-* atmospheres 
Magnesium as Mg gas from MgSiO, 10-? atmospheres 
Calcium as Ca gas from CaSiO, 10-?° atmospheres 
Aluminium as Al,O is about as volatile as calcium. 


The alkalis would be comparatively volatile also. These values for silicon, 
magnesium, calcium, and aluminium may be doubtful by a factor of 10?, but it 
is certain that great differences in volatilities exist. In the absence of hydrogen 
gas very great variations in volatility would also exist. Since there has been a 
considerable loss of low-density material from the earth (see below) as indicated 
by the variation in density of the planets, an evaporation process from condensed 
material in finely divided form would have resulted in a loss of the more volatile 
constituents from the earth and meteorites as a whole, and perhaps some 
concentration in the earth’s surface region, unless it was of a specialized kind. 
There is some evidence that mercury has been lost from the meteorites. There is 
certainly little evidence for systematic depletion or concentration of the more 
volatile of the “nonvolatile”? elements in terrestrial matter available to us. If 
evaporation removed the silicate fraction from the earth, it must have taken 
place from the surface of large objects which were not heated long enough to 
remove their volatiles completely. Such objects must have accumulated at low 
temperatures in order to retain the more volatile elements, particularly mercury 
as HgS, in approximately cosmic proportions. These temperatures were prob- 
ably well below present terrestrial temperatures. 


2. THE VARIATION IN DENSITIES OF THE TERRESTRIAL 
PLANETS 


The densities of the terrestrial planets appeared to vary on the basis of the older 
astronomical data, mostly because the low mass of Mercury indicated a low 
density for this planet. On the basis of the exact calculation for the orbit of Eros, 
RaBe"”) concluded that the mass of Mercury is substantially higher than pre- 
viously assumed. Using any of the more reliable radii for Mercury its density is 
higher than that of Mars and the general decrease of densities from Mercury 
through the earth, Venus, and Mars to the moon must be real as pointed out by 
Urey,‘*) who ascribed this to a variation in the proportions of the silicate and 
metallic phases within the different planets. Table 1 gives the planetary constants 
and the densities calculated. Since there is little compression in Mercury and the 
moon the densities at zero pressure are nearly correct. A recent determination 
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Table 1. Planetary Densities and Compositions 
| 





Mean | Per cent 
Radius | Mean | density iron- Oblateness 

Earth = 1| density | at zero |__ nickel é 

pressure; phase 





Moon 0012304 | 0-2728 3-34 3-31 0 
Mercury 0:0543 | 0-38 5°46 5-4 72 
0-403 4:58 45 50 
Venus 0°8136 0-961 © 5-06 4-4(?) 45 | 
Earth 1 1 5515 | 44 45 | 0:0033659 0-976 
Mars 0-1080 0-520 4:24 4:02 40 0-00520 1:22 


0-523 4:17 3-95 | 27 | 000520 1:19 


























This table differs slightly from a similar one given by Urey.'!24) Kurper’s values of the 
radii of Mercury and Mars are included instead of the Russell, Dugan, and Stewart values. 
The 0-38 and 0-523 values for the radii of Mercury and Mars respectively are KUIPER’s values 
while the 0-403 value for Mercury is RABE’s average and 0-520 value for Mars is TRUMPLER’S 
result. The per cent of iron is calculated assuming a density of silicate and iron of 3-3 and 
7:23 respéctively. It is likely, as indicated in the text, that the densities at zero pressure and 
percentages of iron in Venus and the earth are too high. 


(DotiFus*)) of the radius of Mercury confirms the earlier conclusions and 
indicates an even higher density for this planet. The density of the earth at zero 
pressure was estimated by Urey and his values are used, though without a more 
certain equation of state for solid silicates the result is uncertain. However, the 


conclusion that the proportions of the silicate and metal phases vary seems 
certain because of the data on Mercury, Mars, and the moon. The order is 
definitely not that of their masses and hence compressional effects cannot 
account for the trend. RAMsEY"!* }) and BULLEN"® have maintained that the 
planets have the same composition. RAMSEY suggested that the earth’s core is 
due to a high-density modification of silicates. However, this does not account 
for the high density of Mercury, as BULLEN admits. It seems unreasonable that 
Mercury and meteorites should contain metallic iron, but that the earth should 
not. 

This variation in density can be put in another way. In the formation of the 
planets it is probable that the silicate phase rather than the metallic phase was 
lost preferentially because it would float on the surface of melts of silicate and 
metallic iron, and thus would be more readily acted upon by evaporation or 
mechanical processes. Using abundance tables of the elements and estimates of 
the compositions of the planets it is possible to estimate the amounts of the 
silicates that were lost. Urey‘: ® made such estimates. Because the abundances 
of iron in neither the sun nor the plantes are known accurately, exact estimates 
for the loss of silicate cannot be made. However, the silicate fraction of the earth 
was probably decreased by a factor of two or three, that of Mercury by a larger 
factor, and that of Mars by a smaller one. 

Two groups of chondritic meteorites having different proportions of metallic 
and silicate phases and of total iron were discussed by Urey and Craic.1@@) 
These two groups are the same as two of Prior’s groups."!”) The mean per cent 





HaRoLp C. UREY 
Table 2. The Iron and Nickel Proportions in Chondrites 





Weight % Fe/Ni 





Low Group: Mean density = 3-51 
Fe, metallic 7:04 6°64 
Fe in FeS 3-66 
Fe in silicate phase 11-63 





Total Fe 22:33 





High Group: Mean density = 3-66 
Fe, metallic 17-76 
Fe in FeS 3-62 
Fe in silicate phase 7:20 








Total Fe 28-58 17-01 
| 








of iron of the whole meteorite in the metallic, troilite, and silicate phases for 
these two groups are given in Table 2. The existence of these two groups has 
been confirmed by new analyses by Wuk."® The variation in density of the 
planets extends to the parents of the meteorites apparently. These show differ- 
ences in total iron, metallic iron, and oxidized iron, and in the nickel-to-iron 
ratios. No variation in the constituents of the silicate phases was established. 
These facts indicate a fractionation of the silicate and iron phases and a partial 
removal of iron, probably in oxidized form leaving nickel selectively behind in 
the metallic phase. Table 3 gives the proportions of the elements in the two 


Table 3. The Elemental Abundances in the Low and High Iron 
Groups of Chondrites 





Low group High group A% Total average 





Oxygen 34,760 2:6 
Sodium 509 38 
Magnesium 9261 2:0 
Aluminium 778 1:2 
Silicon 10,000 
Phosphorus 47 
1000 
58 
532 
21 
87 
57 
6084 
17 


Nickel 274 


Fe/Ni 22°17 
Fe/Ni (weight %) 22:07 
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groups relative to silicon. The differences in elemental abundances cannot be 
regarded as significant except those for iron and nickel. 

Urey) suggested an evaporation mechanism for the selective removal of 
silicates from planetesimals as a mechanism for producing a variation of plane- 
tary densities. If objects some hundreds of kilometres in radius having a surface 
field of some 10 dynes were heated superficially to a high temperature, evapora- 
tion from the surface would remove silicates rather than metal. Since the more 
volatile elements were not lost preferentially, this process must have been of a 
special kind with much of the interior of the object remaining at low temperatures 
and hence not being fractionated at all. The source of heat for this process was 
not specified. Again, collisional processes have been suggested (Urey). 
Probably, other methods of fractionation can be devised.* 


3. THE TEMPERATURE OF FORMATION OF THE TERRESTRIAL 
PLANETS 


So far as the writer has been able to determine, no evidence in regard to the 
initial temperature of the earth and other terrestrial planets has been accepted in 
astronomical and geological texts except that deriving from the existence of the 
core of the earth. The existence of the earth’s core has been accepted by most 
students of the subject at least since 1862 when KELVIN": *° first described the 
process for the solidification and cooling of a liquid earth. Mercter,'*)) 
NUTTING,'22) and BAUMGARTNER”) all assume that the material of the earth was 
separated from the great mass of hydrogen and helium and the lesser but im- 
portant elements carbon, nitrogen, most of the oxygen, neon, and other inert 
gases, by an unspecified process and was delivered to the position of the earth as 
a gaseous mass. They then consider the cooling of this mass. But without any 
understanding of how the material of the earth was separated from this gaseous 
mixture these calculations are of little interest. Others have considered an initial 
liquid sphere as the start for their calculations just as KELVIN did. EUCKEN‘**) 
started with the cosmic or solar mixture of elements as an Emden gas sphere at 
high temperature. He then shows that the iron core could condense first 
followed by the silicates. He thus produces a molten earth with core and mantle 
separated from the beginning. GOLDSCHMIDT'®) believed that not only did the 
iron core separate from the mantle but also that a chalcosphere consisting of iron 
sulphide and elements more stable as sulphides separated from a molten earth. 
He presented chemical evidence for his views and compared the distribution of 
the elements in the silicate, sulphide, and metal phases of meteorites and the 
earth. Thus his evidence is essentially the same, namely, that the formation of 
the earth’s core and the removal of the chalcophile and siderophile elements from 
the earth’s surface requires that the earth was completely molten. 

All discussions based on the assumption that the planets were removed from 
the sun and that the original temperature of the earth was due to the temperature 
of its substance while in the sun cannot be true. Material leaving the sun would 


* Very great confusion results from a review publication by G. P. Kuiper, Atmospheres of 
the Earth and Planets, Chapter XII. In spite of many and repeated references, it is sometimes 
not possible to determine what the original sources are and what ideas these sources intended 
to convey. The writer believes the references quoted in the present paper are the original 
sources. 
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have solar composition and the gaseous constituents must be removed from it in 
order to secure the nonvolatile fraction of which the earth and meteorites are 
composed. This must have occurred at low temperatures for otherwise the more 
volatile elements of the planetary nonvolatile fraction would have been lost, as 
discussed above. If the earth formed at a high temperature, this high tempera- 
ture resulted from the gravitational energy of accumulation, or it formed so soon 
after the synthesis of the elements that residual radio-activity was able to produce 
this heat. The postulate of initial solar heat raises difficulties which cannot be 
solved. 


The Moon 


More than sixty years ago GILBERT'®) concluded that the moon was formed at 
low temperatures for the reason that the high mountains of the moon could not 
have been supported except by very rigid materials and he concluded that these 
mountains were formed very early in its history. This remarkable paper was not 
appreciated by his contemporaries nor students of the moon of the next decade 
or so, probably due to their lack of appreciation for his rigorous arguments a nd 
probably also because of their overwhelming predelection for a completely 
high-temperature origin for all parts of the solar system. The subsequent dis- 
covery of radioactivity required a reconsideration of GILBERT’S conclusion for it 
was difficult to understand how the moon would not have melted due to radio- 
active heating regardless of its temperature of formation. Fifty-eight years later, 
Urey» showed that the moon would not cool in 3 x 10° years if it had been 
originally molten, a point that had been overlooked in the discussion up to that 
time and that the estimated amounts of radioactive elements in meteoritic 
materials were such that a primitive cold moon would not have melted in that 
length of time. 

The irregular shape of the moon has been extensively studied by JEFFREYS.” 
That the shape of the moon is not an equilibrium one is shown to be true 
by the dynamical motions of the moon and depends on quantities which are 
well known. However, JEFFREYS has not been able to conclude definitely that 
the shape conforms to that expected for a frozen tidal wave. He has assumed 
that the moon was originally molten, that it solidified quickly and that it 
became rigid during geologic time as it moved away from the earth due to 
tidal action. 

The cooling or heating of the moon during geologic time can be discussed with 
some degree of confidence, once the initial conditions and the concentrations of 
radioactive elements are known.* The solution of the differential equation for 
the temperature of a spherical body for an original temperature given by the 
equation, 


TA0) = Tuo ~ Tod) (1-5) + Ta 


* Urey) discussed this problem using 3 x 10° years as the age of the earth, and concen- 
trations of the radioactive elements as follows: K, 0-2 per cent, U, 0-0133 p.p.m., and a heat 
production from thorium equal to that from uranium. The derivation of the formula for the 
temperature was in error due to copying incorrect notes though the final formula was correct. 
The present discussion is a révision of the previous work. 
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where T,, and T,, are the initial temperatures at the centre and surface respec- 
tively is 
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where Q, is the initial rate of increase of temperature due to the ith radioactive 
nucleide with decay constant, «,; K, is the thermal diffusivity; r, the distance 
from the centre and a, the radius of the sphere. If the initial temperature was 
constant the last term is zero and if the initial temperature was zero, i.e. equal to 
the surrounding ambient temperature, only the first term remains. 

The concentrations of radioactive elements, potassium, uranium, and thorium, 
have been discussed recently by Urey,'?®) though his selected values are only one 
possible set consistent with the heat balance of the earth. Urey assumes that 
these elements have been concentrated in the chondritic meteorites by a factor of 
3-19 relative to solar abundances and that the earth, moon and planets contain 
these elements in solar proportions. In this way he secures agreement between 
the rate of heat loss from the earth and the rate of generation of heat within the 
earth. 

Did the moon originate as a molten sphere? If it did, it solidified quickly and 
then cooled slowly by conduction. During solidification the radioactive elements 
may have concentrated in some parts and not be uniformly distributed. The 
composition of the moon is presumably that of solar nonvolatile matter with the 
iron in an unknown state of oxidation. Its density corresponds closely with the 
density of such matter with the iron completely oxidized. In this case we have 
difficulty in deciding whether the liquid or solid silicates would have the greater 
density, since iron concentrates in silicate liquids rather than in the solid ortho 
or meta silicates. If the liquids are more dense the moon would solidify at least 
partly from the outside inward. The situation would be a most complicated one 
and very difficult to estimate. Since the densities of the liquid and solid may be 
nearly equal, little separation of constituents may occur. The melting points of 
the expected minerals (Mg,SiO3, Fe,SiO;, MgSiO;, CaO-Al,0,:2SiO,, etc.) run 
from 1255°C to 1890°C in the absence of water. MACDONALD) has recently 
studied the heats of fusion and volume changes on melting of silicates and 
estimates that the melting points at the moon’s centre would be raised by about 
900°C. Data on the melting points of high-pressure minerals are lacking. In 
view of these uncertainties, we assume the melting point to be 1500°C at ordinary 
pressures and assume an increase in melting point proportional to the pressure. 
This leads to a parabolic dependence with r, as indicated above. Tables 4, 5, and 
6 give calculated temperatures for the moon’s interior at various times since 
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Table 4. Present Temperature of a Lunar Model Initially Melted 
at 4:5 x 10° years ago 





: 
os | 0:8 
2175 | 18-24 


1984: | 1028 
1625 703 
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Table 5. Present Temperature of a Lunar Model Initially Melted 
4-5 x 10° years ago from which Half of the Radioactive Elements 
have been removed 





0s | 0-8 
2175 | «1824 


2774 1613 
2352 1131 





Table 6. Present Temperature of a Lunar Model Initially at Low 
Temperature but Heated by a Uniform Distribution of Radioactive 
Elements. Present concentrations: K, 276 p.p.m.; U, 0:0332 p.p.m.; 
Th, 0-105 p.p.m. 











4-5 x 10° years ago on the basis of various assumptions. Table 4 gives the 
estimated temperature, if no potassium, uranium, or thorium remain in the 
interior and the moon solidified 4-5 x 10° years ago. Table 5 gives its tempera- 
ture if half of UREy’s assumed quantities remained, and Table 6 the temperatures 
if the moon was cold (0°C) at the beginning and contained UREy’s estimated 
quantities of radioelements uniformly distributed throughout the moon. In each 
table the assumed melting point is given. 

The conclusion that the moon could have never been molten cannot be made 
firmly from these arguments. The two values of the thermal diffusivity which are 
used probably bracket the true value, but it may even be higher due to the 
presence of iron sulphide or some metal or to changed physical properties of 
silicates at high pressures. 

On the other hand an amount of radioactive elements consistent with the heat 
balance of the earth could be distributed uniformly throughout a low tempera- 
ture primitive moon without producing melting at any point in the moon during 
geologic time. In this case its irregular shape and the rigid support for its high 
mountains can be understood. 
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The origins of the earth and moon must have been considerably different 
because of their different chemical compositions. If the moon is one of the 
primitive planetesimals from which the earth accumulated as has been suggested 
by Urey‘) in order to account for the differences in composition of the earth and 
moon, then its thermal history could be quite different from that of the earth. 
For example, the moon may be the much older object and may have partially 
melted in its older history. By assuming such processes, a great variety of 
thermal histories for the moon can be devised. Though Urey 3”) has 
suggested such possibilities they must be regarded as uncertain in the absence of 
conclusive evidence. In the view of the present writer, no reasonably plausible 
source of heat for melting the primitive moon together with a plausible subsequent 
thermal history has ever been proposed. 


Mars 


The internal structure of Mars has been discussed by JEFFREYS and BULLEN. 
BULLEN has constructed models of Mars and the other planets and checked these 
models against their physical properties, i.e. the mass, radius, and oblateness of 
the planet. Urey concluded that these properties were consistent with a planet 
of uniform chemical composition throughout. The entire discussion depends on 
the values of these physical constants. 

The density gives us our only information in regard to chemical composition 


. . , eGM 
and this depends on the mass and the radius. The Clairaut constant, 73Q2’ 


depends on the oblateness, mass, radius, and angular velocity of rotation, and 
theoretically is 1:25 for a planet of uniform density, and less than this if the 
planet is more dense toward the centre, e.g. 0-98 for the earth. The mass and 
oblateness are determined from the motion of its moons with adequate precision, 
namely 0:1080M. and 0-00520 + 0:00001. (See WooLarp).) The angular 
velocity is known with high precision. Only the radius is doubtful. BuL- 
LEN(6, 33, 34) used 3410 km and 6-442 x 106g equivalent to 0:535ae and 
0:1080 Me and later adopted 0-523 ag for the radius (BULLEN: *®), In this 
work he has assumed that: ‘“‘(a) the earth, Mars, and Venus have a common 
primitive composition; (b) compressibility is essentially a smoothly varying 
function of pressures beyond 0-4 x 10® million atmospheres in all three planets; 
(c) the outer core of the earth is a high pressure modification of ultrabasic rock; 
each planet has an inner core chemically distinct from matter in the outer core’’. 
He concludes that it is possible to construct models of Mars, Venus, and the 
earth such that they have the same composition, but he concludes that Mercury 
must contain a higher proportion of iron. UREY used TRUMPLER’S smaller value 
of the radius, namely, 0-520 of an earth radius. If the smaller value is correct, 
the observed Clairaut constant approaches the theoretical value of 1-25 for a 
sphere of uniform density and yet the density is so high that some metallic iron 
phase is required to account for the high density. 

Mars has an extensive atmosphere in which dust storms are well observed and 
most of the time the atmosphere carries a blue haze of considerable height.* 
Such effects will make all measurements of the diameter in error if the atmos- 
phere is included in the observations as is done by all methods of measurement 


* See Pertir and RICHARDSON”) for a recent description of such clouds. 
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except that used by TRUMPLER."®) WriGHT'®) observed that the planet’s radius 
from photographs taken in blue light was greater than its value from photo- 
graphs in red light. Also, the visual oblateness is 0-01 or nearly double that 
indicated by the satellites, and this is most reasonably explained by a more dusty 
atmosphere in the equatorial regions as compared to the polar regions. Such 
observations indicate that the observed radii are likely to be too high. Also, 
diffusion of the image on a photographic plate will increase the apparent size 
and thus lead to an error in the same direction. On the other hand, since the 
diameter is most conveniently determined at opposition, the limbs of the planet 
will not be as strongly illuminated as the centre and hence an error on the low 
side is possible. 

TRUMPLER'®) determined the radius by observing the displacement of mark- 
ings on the surface of the planet with time, and thus used a method which does 
not require an exact determination of the edge of the planet but only a deter- 
mination of the position of a point relative to the circumference of the planet. 
He secured 0:520a—. Kutper®) reports a value of 0-523 ae by using LyoT’s 
disk meter. This method should also include some atmosphere and a correction 
of 19 km in KuIPErR’s value would bring these two data into agreement. The 
difference between the two data is certainly within observational error. Other 
determinations are higher than these and agree with the radius used by BULLEN 
in his earlier work. It seems probable that the lower values are likely to be 
correct. 

Using the Trumpler or corrected Kuiper radius of 0:520 a6, the Clairaut 
constant is 1:22 and the density of the planet is 4-24. Using these data and an 
estimated value for the compressibility, assuming uniform chemical composi- 
tions throughout, and allowing for no change of phase to higher density minerals, 
Urey calculates the uncompressed density as 4-02, and the theoretical value for 
the Clairaut constant as 1-22 in agreement with the observed value. The density 
is consistent with a planet containing about 30 per cent of metallic iron-nickel 
phase. If the calculation is made assuming that the density of silicates increases 
discontinuously at 0-16 x 10” dynes, i.e. at the 20° discontinuity of the earth 
according to one of BULLEN’s models, the calculated Clairaut constant is 1-19 
and the density at zero pressure is 3-88 g cm~*. If the Kuiper uncorrected radius 
is used the calculated Clairaut constant is 1-18 and the density at zero pressure is 
3-81 gcm-*. These densities indicate about 25 per cent of metallic phase and are 
consistent with a model for the planet without a core.* 

If a larger radius is selected the Clairaut constant and the density become 
smaller. Then, agreement with BULLEN’s conclusion that Mars contains an iron 
core is possible. However, his recent discussion shows how difficult it is to reach 
unambiguous conclusions from such limited data. If Mars does not contain an 
iron core and yet has metallic iron nickel as an important constituent, we con- 
clude that the planet was never generally melted at any time. A conclusive 


* The details of this calculation are not difficult. The change of density with pressure is 
taken as 2 x 10- g/cm dyne. A discontinuous increase in density of 0-54gcm-* at 
0-164 x 10'? dynes is taken from one of BULLEN’s models. The density at zero pressure is 
then taken so that the observed and calculated masses agree. The pressure is taken to follow 
the formula for a planet of uniform density. The Clairaut constant is calculated by well- 
known formula (JerFrEys'?”), This calculation is approximate but no refinement can change 
the numerical results significantly. 
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determination of the radius of the solid surface of Mars is most necessary in 
order to decide this important point.* 


The Earth 


Urey) has shown that there is no systematic concentration of elements which 
are volatile at high temperatures at the surface of the earth. Mercury, arsenic, 
cadmium, and zinc are very volatile as compared to the other elements which are 
not volatile at ordinary temperatures. Mercury and arsenic, particularly, should 
be highly concentrated at the surface if the earth accumulated at high tempera- 
tures for at a few hundred degrees centigrade all of these elements in the sedi- 
ments could have been present in the earth’s atmosphere. In fact, the elements 
which are concentrated at the earth’s surface are the solubles, namely those 
whose compounds are soluble at low temperatures in water under natural 
terrestrial conditions, e.g. chlorine, bromine, and boron together with appro- 
priate cations of more abundant elements. 

However, it may be that extensive mixing of the surface with deeper layers has 
occurred, as several geologists and geophysicists believe, and this would invali- 
date the argument. WILSON‘) is certain that much reprocessing of sediments 
has taken place to form granites and gneiss, and suggests that this has occurred 
by “the action on sediments of hot aqueous solutions or emanations containing 
silica and alkalis”. Lees’) also concludes that there has been great mixing of 
sediments. These conclusions run counter to GOLDSCHMIDT’s conclusions from 
the balance of sodium between the igneous rocks on the one hand and the 
sediments and oceans on the other. The total quantity of igneous rock which 
has been weathered to produce the sodium of the sea was estimated as 160 kg/cm? 
of the earth’s surface and KUENEN®) has reviewed these calculations securing 
somewhat higher values. 

These are much smaller quantities than those referred to by WILSON and LEEs. 
Enrichment of the sediments with sodium in solutions “from below” will solve 
the problem of the composition of the granites as compared with the sediments 
but in no way solves the problem of lack of balance of sodium between the 
oceans, the sediments and the igneous rocks, if the total of the sediments pro- 
duced during geologic time was much larger than the Goldschmidt and Kuenen 
estimates. We must conclude that either sodium was not weathered from the 
sediments during the earth’s early history as effectively as in the more recent 
times or that the mixing and granitization processes are such or were such during 
much of geologic time to include the incorporation of ocean salts with the 
sediments. For example, the absence of atmospheric oxygen or the absence of 
terrestrial plants may have changed weathering conditions markedly in early 
times, or a much smaller total quantity of surface water may have promoted 
mixing of ocean salts with sediments during tectonic processes. 

If much sediment has been metamorphosed as WILSON and LEEs suggest, then 
it seems likely that any original increased concentration of volatiles would have 
been incorporated in the rocks and hence URey’s argument is weakened or 
invalidated. It can be stated only that no evidence of this kind for a high- 
temperature origin of the earth remains. 


* The homogeneity of Mars has not been emphasized in the astronomical literature. 
Kuiper”) ignores the previous discussion of this point. The data on the radii are unsatis- 
factory but still even a tentative conclusion seems worth discussion at least. 


5 
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The evidence of geology on this question is too complex for the present 
writer to understand and judge. It was certainly the opinion of CHAMBERLIN 
that the geologic record indicated that the earth was never completely molten 
and very recently Lees‘*®) has stated definitely that his conclusion is the same. 
In the meantime many geologists have expressed one view or another, sometimes 
with conviction though mostly with a view that any conclusion in regard to the 
question from geological evidence is doubtful. 

However, there is one generally accepted conclusion which points definitely 
in the direction of a cold origin for the earth. CHAMBERLIN‘*”) suggested that the 
water and carbon dioxide now present in the earth’s surface regions have been 
produced from the earth’s interior during geologic time. This has been discussed 
in recent years by HUTCHINSON“*®) and Rusey‘®) who have marshalled much 
evidence in regard to this question. Essentially, we require that these volatiles 
were confined within the earth as it was formed and were only released during 
the plutonic processes that have occurred since. Immediately, it is obvious that 
it is much easier to imagine methods for burying the volatiles in a low-tempera- 
ture earth than in a high-temperature molten one. Thus an accreting rubble 
with free spaces between the sand-like particles would trap even the inert gases 
to some extent. Nitrogen could be held as ammonium salts, carbon as carbides 
or carbonates and water as hydrated silicates and all these elements in complex 
carbon compounds to some extent. The primitive earth could have had almost 
no atmosphere or hydrosphere. On the other hand, a very high-temperature 
earth solidifying according to KELVIN’s general ideas should have concentrated 
water into the surface regions almost entirely. It would have had a very hot 
and dense atmosphere of water and the last rocks to solidify would have con- 
tained appreciable percentages of water. If the process was slow the water 
should have concentrated in a thin outer shell, but rapid cooling and solidifica- 
tion would favour a deeper distribution of water probably. It seems to me that 
a large fraction of the present oceans should have been in the primitive atmos- 
phere in equilibrium with a thin layer of silicates containing about as much water 
as the present silicate rocks. Nitrogen should have concentrated even more in 
the atmosphere than the water. However, carbon may have remained in the 
silicates as iron carbide and graphite or at greater depths as diamond. Other 
volatiles such as mercury, arsenic, zinc, and cadmium should have concentrated 
at the surface together with small amounts of other elements. This whole 
picture of the distribution of volatiles does not agree at all with the current ideas 
that water, nitrogen, and carbon are being and have been transported to the 
earth’s surface from the interior at rates sufficient to have produced substantially 
all surface volatiles during geologic time. 

BowsEN has called attention to the much smaller abundance of granitic rocks 
than would be expected had the earth solidified from the molten state. However, 
some rare elements are highly concentrated in the basalts and granites. Notable 
among these are lithium, potassium, rubidium, barium, uranium, thorium, and 
lead. In fact, the amounts of these elements in the earth above the Mohorovicic 
discontinuity amounts to perhaps 30 per cent of the total in the earth’s mantle 
based on the analyses of surface rocks and of the meteorites assuming that the 
latter represent the mean composition of the mantle. Such a marked differen- 
tiation indicates that a very effective separation of these elements has occurred 
by some process and solidification from a completely molten earth would be an 
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adequate explanation of these observations. It does not appear to this writer to 
be necessarily a unique explanation. Partial melting processes should also result 
in such separation though it would be difficult to predict such high efficiency in 
the separation processes. 


Summary of this Section 


It is the conclusion of this section that some of the terrestrial planets accumulated 
at low temperatures, perhaps near zero degrees and certainly less than a few 
hundred degrees centigrade. It is probable that all the terrestrial planets accumu- 
lated at moderate temperatures and perhaps even ordinary terrestrial tempera- 
tures except that high temperatures must have prevailed temporarily and locally 
during the fall of planetesimals on the planets. 


4. CERTAIN CHEMICAL PROBLEMS 


There are certain chemical problems which are difficult to understand, but are 
most intriguing. They indicate some most complicated chemical processes, 
which should give valuable information in regard to the problems of origin. 

The earth and meteorites contain iron as the element, the sulphide, and the 
oxide, combined with other oxides. The density of the moon is consistent with 
a solar composition of the nonvolatile fraction with its iron completely oxidized. 
This conclusion cannot be a certain one, but is probably the most plausible 
suggestion. Otherwise silicates of lower density must be combined with metallic 
iron to secure this density and this means that some process for producing low 
density silicates must be devised. Iron compounds are readily reduced at higher 
temperatures by hydrogen, carbon monoxide or carbonaceous materials. This 
means that the materials of the planets were subjected to a limited reduction 
process. If large objects were heated superficially in hydrogen gas, such a 
partial reduction could have occurred. Or if large objects contained a mixture 
of iron oxide and sulphide and a limited amount of carbonaceous compounds, 
limited reduction of the iron could have occurred on heating. In this last case 
some mechanism by which the more volatile elements such as mercury, arsenic, 
zinc, and cadmium were not lost must have existed. These chemical facts 
require a proper process for partial reduction of iron compounds. 

The chemical composition of each of the meteorites must have been produced 
by appropriate processes but a consideration of all such details is probably 
beyond our capacity at the present time. Prior pointed out that there are two 
main groups of achondritic meteorites. One group contains large amounts of 
calcium and the other small amounts. The first group resembles basalts to some 
extent in amounts of CaO, Al,O3, and MgO and the other group somewhat 
resembles the chondritic meteorites with respect to these elements. It is tempting 
to believe that the first group resulted from a partial melting process, such as 
that producing the terrestrial basalts or as the residue of a solidification process, 
but they exhibit a most striking difference in that the alkalis are not concentrated 
in these basaltic type objects. The Pasamonte meteorite has been studied parti- 
cularly. Table 7 gives its analysis as determined by FosHaG except for the 
elements sodium, potassium, and rubidium, which have recently been made by 
Epwarps'*)) and SCHUMACHER.'®; 5%) For comparison the average of analyses 
of basalts of the earth are given. The absence of the alkalis is most marked, and 
this is characteristic of the whole group as judged from less certain published 
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Table 7. Composition of Terrestrial Basalts and the Pasamonte Meteorite 





Average 


Pasamonte 
basalts 








48-20% | 49-96% 
647% | 617% 
17-04% | 637% 
0 

13-91% 

10-24%, 
2-64% 
0-19%, 
0-54%, 
0-066 % 
0-63 p.p.m. 











The average of the basalts is taken from RANKAMA and SAHAmaA,*) except for the rubidium 
which is taken as 1/200 of the potassium since AHRENS, PrNson, and KEARns‘®®) have estab- 
lished by recent work that this ratio is nearly constant. The Pasamonte analysis is by W 
FosHac®) except for the sodium and potassium analyses which are by Epwarps"®) and the 
rubidium analysis which is by SCHUMACHER. '®?; 59) 


analyses. What heating process could have produced this difference? The 
alkalis are more volatile than the other constituents, but in order for loss to 
occur the surface must have been heated and thus a superficial source of heat 
would be required. If a heating process that generated gas was responsible, 
these elements could have been removed with the gas providing the surface 


regions were at high temperature.* Again we need to discover a proper source 
of heat for the melting of the meteorites which will produce these effects and yet 
retain the more volatile elements in the chondritic meteorites with approximately 
their correct solar abundance. 

The calcium-poor achondrites resemble somewhat the silicate phases of 
chondrites in composition and may be chondritic material which has melted 
during geologic time due perhaps to radioactive heating. 


5. THE EVIDENCE GIVEN BY METEORITES 


The meteorites constitute a diverse group of objects of great complexity. They 
have been described in many papers and any adequate review of their structure 
and composition cannot be given here. It is the purpose of the following 
discussion to point out some of the conclusions to be drawn regarding the origin 
of the solar system from the study of these objects. 

The iron meteorites are classified as octahedrites, hexahedrites, and ataxites. 
The octahedrites are crystallized in the cubic system and consist of kamacite 
(body centred cubic) and taenite (face centred cubic) arranged in regular patterns. 
On etching these two alloys the Widmanstatten figures are produced. The nickel 
content of kamacite is about 5 to 6 per cent while that of taenite varies from 13 
to 48 per cent. During the formation of these objects the two phases have 
become separated and this requires that the pressure and temperature must have 


* I am indebted to Professor JULIAN GOLDSMITH and Dr. GORDON MACDONALD for 
discussions on this point. 
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been such that these two alloys are stable, and that the time was such that they 
could crystallize by diffusion from each other. Untic‘*® gives two iron-nickel - 
phase diagrams, one for low pressure and another for a pressure of 10° atmos- 
pheres. He assumes that the kamacite and taenite separated at high pressure at 
300°C and then that “this pressure was suddenly changed, accompanied perhaps 
by a temperature rise followed by rapid cooling”. UHLIG’s calculation of 
diffusion times is based on a hypothetical case and involves the following 
assumptions: (1) that diffusion of nickel only controls the process; (2) that the 
process is completed at a given temperature; (3) that nucleation problems are 
unimportant, that is, that it takes the same time to form and dissolve the pattern 
while in practice the formation of the pattern is more rapid; (4) that the whole 
process is carried out in the taenite phase whereas in meteorites kamacite is in 
fact plentiful, and (5) that the diffusion coefficients, derived from studies of 
steel at ordinary pressure, apply to meteorites at very high pressures. However, 
much the same physical effect could have been produced by the formation of 
kamacite and taenite at 500°C at low pressure followed by a proper fall of 
temperature. In this case the time required for the separation of the two iron- 
nickel alloys by diffusion would be much less and much smaller pressures would 
be required. * 

KSANDA and HENDERSON'®”) have shown that diamonds are present in the 
Canyon Diablo meteorite and so far as we know diamonds can be formed only 
under high pressures. Pressures of some tens of thousands of atmospheres exist 
only in objects of the approximate mass of the moon. 

No iron meteorite has been dated satisfactorily. Brenham, a so-called 
pallasite, is partly octahedrite and partly silicate, and, as is true of all the palla- 
sites, shows the Widmanstatten figures. This meteorite has been dated as 
3-5 x 10° years since it last lost its A*°, and this date may be too low (see below). 

The hexahedrites have cubic structure and hexahedral cleavage, contain about 
5:5 per cent nickel, have no Widmanstatten figures, and consist of pure kamacite. 
The ataxites have no characteristic structure and consist of two groups, those 
“poor in nickel’, i.e. 5 to 7 per cent, and those “‘high in nickel’’, i.e. 15 to 20 per 
cent. These two groups have given us less information in regard to their origin 
than have the octahedrites. Untic‘*®) shows that the so-called Neumann lines 
of hexahedrites and the kamacite of the octahedrites result from shock waves at 
low temperatures, such as would be produced in a collisional process. 

The chondritic meteorites consist of conglomerates of brecciated and partially 
melted minerals such as are produced by the crystallization of silicate melts, of 
troilite (FeS) and of metallic iron-nickel alloys. This observation immediately 
leads to the conclusion that they are the result of a melting process followed by 
cooling, brecciation, and reaccumulation into the final object. These objects 
have been classified on the basis of mineral composition and physical structure 
into many subgroups. Prior!” classified them into four groups on the basis of 
chemical composition. The two more prominent groups were rediscovered and 
their existence firmly established by Urey and CraIG‘!®® on the basis of a marked 
difference in total and metallic iron content, and on the basis of a marked 
variation in the nickel to iron ratios which was an important criterion of PRIOR. 
Their conclusions have been confirmed by recent and modern analysis hy 
Wnx."®) The two groups contain on the average approximately 21 and 26 per 

* I am indebted to Dr. T. MASsALskr for a detailed discussion of this subject. 





cent of iron by weight, respectively. Many of the crystals are obviously violently 
shattered and broken. The chondrules are rounded objects and have long been 
regarded as having acquired this shape as molten droplets which solidified to the 
glassy state while falling freely. Subsequently the droplets have crystallized 
partly or completely and the crystals often show that crystallization started at a 
point on the surface of the chondrule. Incorporated in the silicate conglomerate 
are fragments of iron-nickel alloy and it has been reported that kamacite and 
taenite, the iron-nickel alloys of the iron meteorites, have been found in the 
LaLande chondritic meteorite (BECK, STEVENSON, and LAPaz"®)). Also, at the 
suggestion of the writer, Mrs. B. NIELSON and Miss A. PLETENGER have observed 
these alloys in the Beardsley and Holbrook meteorites. The chondrites contain 
nearly a constant amount of iron sulphide, namely about 5 per cent by weight. 

The carbonaceous chondrites have been recognized for many years. These 
are very black objects containing free carbon, and in the case of Cold Bokkevelt, 
compounds which can be extracted by organic solvents (MUELLER). These 
compounds contain carbon, nitrogen, oxygen, sulphur, chlorine, and hydrogen. 
Considerable quantities of water, up to 12 per cent can be removed by heating 
(BoaTo'®), The iron content as determined by Wuk places them in the Urey 
and Craig high-iron group. The sulphide content is more variable and the 
potassium and sodium contents are lower and more variable than those of the 
ordinary chondrites. A preliminary examination of the X-ray diffraction patterns 
by the writer showed considerable variety in such patterns. Some contain 
hydrated minerals and some showed only the pattern of magnetic iron oxide. 
It was the writer’s opinion that these might have been accumulations of the 
primordial dust, but the analytical data do not conform to these expectations for 
such material. It seems more likely that ordinary chondritic material of the high 
iron group variety was subjected to streams of water which transported carbon 
compounds, hydrogen sulphide into this material, and potassium, sodium and 
probably other substances out of it, and oxidized the metallic iron to magnetic 
iron oxide. (How were the streams of water provided?) Twenty of these objects 
are known and hence the process by which they were produced was not a negli- 
gible one in the overall series of events. 

The achondrites are silicate objects of very variable composition, possess no 
chondrules, little metallic iron-nickel, and variable quantities of iron sulphide. 
They resemble terrestrial rocks much more than the other meteorites, though an 
experienced observer will not fail to notice differences. In chemical composition 
there are the high and low calcium groups of Prior” or the basaltic and chon- 
dritic groups of Urey and Craic."6®) The basaltic type have compositions which 
resemble basalts in general, though there is a marked difference in the amounts of 
the alkalis (see Table 7). The chondritic types run high in magnesium and in 
other ways resemble the silicate fraction of chondritic meteorites, but with 
definitely recognizable differences. It is not certain that they are melted chon- 
drites at all. 

The relative weights of these objects falling on the earth bear unpredictable 
relation to their proportions in the original source. The chondrites alone give a 
fairly good estimate of solar proportions of the elements (SuEss and Urey'*). 
They appear to be fragments of a larger object which most probably were dis- 
rupted in collisions. 

Asteroidal collisions have been suggested repeatedly as a mechanism of 
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origin. In such collisions the weaker silicates would be shattered more than the 
metallic fraction. Such smail fragments would move to the sun rapidly due to 
the Poynting-Robertson effect and would not reach the earth’s surface after a 
short period of time. Probably the iron meteoritic material constituted only a 
small fraction of the original material. The chondritic meteorites are the most 
massive fraction. From their structure they must have constituted only the 
superficial part of any large planet, for otherwise recrystallization should have 
occurred. Since they are so numerous as compared to other types, the only 
evident consistent explanation is that the parent objects were small, i.e. asteroidal 
in size. Such objects could not have supplied the high pressures required for the 
production of diamonds and the Widmanstatten figures of the iron meteorites. 
Since the chondrites are conglomerates, these objects probably accumulated 
from the debris resulting from the break-up of larger primitive objects which 
supplied the high pressures referred to above. Thus repeated accumulation is 
indicated. 

The ages of several chondrites are now known by three different methods of 
dating. PATTERSON, BROWN, TILTON, and INGHRAM‘®) and PATTERSON, TILTON, 
and INGHRAM'®) determined the ratios of the lead isotopes in samples of lead 
from the metallic phases of Canyon Diablo and Henbury and from the troilite of 
Canyon Diablo and found the proportions relative to Pb** of the radiogenic 
leads to be lower than those of any other known source of lead. They have 
assumed that these are samples of primeval lead, since the uranium and thorium 
contents of iron meteorites are very low. Table 7 summarizes these data. 

The proportion relative to Pb®® of the radiogenic isotopes in the Forest City 
and Modoc chondrites were determined by these authors and the amounts 
relative to Pb of the radiogenic isotopes produced by uranium and thorium 


were secured by difference. The relative concentrations of lead, uranium, and 
thorium have not been determined but the age can be calculated from the 
equation, 


et — | 
mds 


where « is the ratio of radiogenic Pb*°* to Pb”®’, # is the present ratio of uranium 
isotopes and A, and A, are the decay constants of U**8 and U8. The age deter- 
mined in this way was 4-5 and 4-4 x 10° years for the Forest City and Modoc 
meteorites. This is the time since uranium was removed from the Canyon 
Diablo and Henbury meteorites on the assumptions that (a) the original lead of 
Forest City and Modoc had the composition of the lead of the iron meteorites, 
(b) the chemical composition of these chondrites has not been changed in the 
last 4-5 x 10° years, and (c) that they contain sufficient uranium and thorium to 
have produced the observed amounts of the radiogenic leads. The ages from the 
U8 to Pb? [235 to Pb?°7, and Th? to Pb?°8 have not been determined. It is 
very difficult to determine the amounts of lead, uranium, and thorium in meteor- 
ites when the total amounts are so small. TiLTON’s‘*) measurements on Modoc 
indicate too little uranium to have produced the calculated amounts of Pb? 
and Pb*°?, Recently TURKEVICH, REED, and HAMAGUCHI'®®) have found that the 
Forest City meteorite contains only a fraction of the uranium required to produce 
the observed Pb?* and Pb’. These observations result in great uncertainty in 
regard to the proper interpretation of this age determination. 
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Table 8. Isotopic Compositions of Meteoritic Leads 





Pb | Pb? Pb2o7 Pb20 
| p-p.m. | Pb204 Pb2o4 Pb2o4 
| | 
| 


| 





(1) Canyon Diablo (Troilite) | 941 10:27 29:16 | 
(2) Henbury (Troilite) | 9-50 10-30 29-26 
(3) Average irons 9-455 | 10-285 | 29-21 
(4) Forest City 5 19-27 15-95 39-05 
(5) Modoc ; 19-48 15-76 38-21 
(6) Average chondrites | 19°375 | 15-855 | 38-63 
(7) Radiogenic lead (6)-(3) | 9-920 5-570 9-42 
(8) Nuevo Laredo , 50-28 34-86 67:97 
(9) Radiogenic lead (8)-(3) 40°825 | 24:575 | 38-76 























The Nuevo Laredo meteorite is an achondrite of the Howardite subclass, or a 
chondrite containing very few chondrules. Its lead has the highest proportion of 
radiogenic leads so far observed. Using the same procedure as that outlined 
above, its age is found to be 4-6 x 10° years (PATTERSON‘®)). The composition 
of this lead shows that ordinary terrestrial lead did not seriously contaminate 
the lead extracted by PATTERSON from this meteorite nor presumably the lead 
from the chondrites which he investigated. 

The K*° — A® age method was first applied to meteorites by GERLING and 
PavLova'®®) who found that two chondrites recorded ages of 3 x 10° years. 
Later GERLING'®”) and his co-workers measured the ages of some 15 stone 
meteorites and found ages ranging from 0-7 x 10° to 4:5 x 10° years. This 
method of age determination gives us a minimum age, since A*® may have escaped. 
This pioneering work has been of great importance in establishing the age of 
these objects. However, the isotopic composition of the argon extracted was not 
determined and on the basis of the recent studies of E>warps and Urey,'®® 
GERLING’S analyses for potassium are probably too high in some cases. If air 
argon contaminated the samples the ages are too high and if the potassium 
analyses are too high, the ages are too low. WASSERBERG and HayYDEN'®) have 
determined the concentrations of A*® and K by isotopic dilution methods in 
three chondrites and the analyses for potassium were checked by the Edwards- 
Urey procedure.'**) The calculated ages depend on the half-life taken for K* 
and on the branching ratio for the two paths to Ca and A®. Particularly some 
doubt has existed in regard to the branching ratio which WASSERBERG and 
HAYDEN took as 0-085 on the basis of a study of terrestrial samples for which 
good lead-uranium ages were available. Later work (WETHERILL, ALDRICH, and 
DAVIS‘”°)) indicates that a higher ratio may be more nearly correct. The largest 
value of this ratio so far reported is 0-124 (MCNair, GLOVER, and WILSON‘), 
Using 1-27 x 10° for the half-life and using this latter branching ratio, the ages 
of three chondrites are as follows: Holbrook, 4:22; Beardsley, 4-33; and 
Forest City, 4-17, all in thousands of millions of years. The ages so calculated 
agree well with the Pb?°*-Pb*” ages and with the maximum ages reported by 
GERLING and his co-workers. These times are those elapsed since the objects 
were heated sufficiently for their argon to be lost. Differences may be due to 
partial loss of argon, uncertainty of the constants, or to actual age differences. 
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SCHUMACHER'®2,53) has investigated the age of the Forest City chondrite using 
the Rb®’-Sr®’ dating method. The Pasamonte achondrite has a low concentra- 
tion of potassium and a high concentration of calcium. This suggested that the 
ratio of strontium to rubidium might be high. SCHUMACHER showed that this 
ratio in this meteorite was 136 for a dark coloured fraction and 189 for a light 
coloured fraction. It is easily shown that a negligible amount of Sr®’ should have 
been produced by Rb*’ in this meteorite and he found the lowest concentration 
of Sr®’ in the strontium of this meteorite that has ever been observed, namely 
6°76 + 0:02 per cent. The concentrations of strontium and rubidium found are 
94-7 and 0:50 p.p.m. respectively in the white fraction and 89-5 and 0-66 p.p.m. 
respectively in the grey fraction. The per cent of Sr®’ in the strontium of Forest 
City and the ratio of Sr to Rb were found to be 7-35 + 0-2 and 3-06, respectively. 
The half-life of Rb®’ is not well determined and reported values range from 4:3 
to 6:0 x 10! years. Using a half-life of 5 x 10” years for Rb%’, he secures 
4-5 + 0-3 x 10° years for the time since the materials of Pasamonte and Forest 
City meteorites became separated. It is evident that within the large limit of 
error the same age is secured by this method. 

PANETH and his co-workers‘: 73, 74, 75) have attempted to determine the ages 
of iron meteorites from the helium method. This seems to be a good method 
because so many helium atoms are produced from each uranium and thorium 
atom, and because of the sensitive methods for detecting helium. However, 
cosmic rays produce helium when they bombard elements of higher atomic 
weight. In these processes they produce both He* and He*. This was suggested 
by Bauer‘? and was subsequently observed by PANETH, REASBECK, and 
Mayne.'?”) All the He* and part of the He‘ is produced by cosmic rays and part 
of the He‘ originates from the uranium and thorium, and it is difficult to estimate 
the amount of radiogenic helium because of uncertainties in the relative propor- 
tions of He*® and He* produced by cosmic rays. In addition the amounts of 
uranium and thorium present in the iron meteorites are very small and difficult 
to determine. The very electropositive properties of uranium and thorium make 
it very difficult to understand how these elements could possibly be present in 
the iron phase of meteorites except in very low concentrations (UREy'®’). In 
spite of the great competence of PANETH and his co-workers and the great care 
exercised by them, it has seemed that some error existed somewhere in their work 
or its interpretation. Recently REED and TURKEVICH'’®) using a neutron activa- 
tion method of analysis have shown that there is much less uranium in the irons 
(~ 10-" g/g) than was previously reported. This method is adapted to the 
determination of very small amounts of uranium because the elements produced 
and measured are neptunium from U*** and radio barium from U*** and since 
they do not occur in nature, contamination which is the almost unavoidable 
source of error cannot occur. This means that the ages of the iron meteorites 
also may fall in the 4-5 x 10® category so far as the radiogenic helium data are 
concerned. This age is the time since the iron was melted or at a sufficiently high 
temperature for helium to escape. 

THOMSON and Mayne'’®) have measured the age of the Brenham pallasite 
using the argon-potassium age determined from the silicate fraction and found 
an age of 3-5 x 10° years. However, their analysis for potassium was 0:019 per 
cent. Epwarps‘!) found 0-009 per cent for the potassium content of the 
Brenham pallasite and very similar values for the other pallasites. The samples 
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were not the same, but since the older methods for the analysis of potassium 
have regularly given too high values, it seems likely that the true age of the 
Brenham pallasite, since its minerals were melted, is likely to be in the neighbour- 
hood of 4:5 x 10° years. The helium age determinations on the metallic part as 
reported by these authors give much lower values which leads to an impossible 
inconsistency in ages. Again it is likely that there is an error in the helium age 
determinations and that only the K*°-A® ages are correct. 

The production of He® by cosmic rays gives a method for determining how 
long the meteorite has been exposed to such rays. The fundamental uncertainties 
of the method lie in the problems of the specific rate of production of He’, the 
variation of this with the depth of iron, the unknown superficial loss of iron from 
the meteorite as it enters the atmosphere, and the constancy of cosmic ray 
intensity over long times. The recent work of FIREMAN‘) in which the rate of 
production of He* by 2:2 bev protons has been measured and other factors have 
been carefully considered, indicates that the Mount Ayliff iron was exposed to 
cosmic rays of the present intensity for about 4 x 10° years. This is an indica- 
tion of the time since the asteroidal parent broke up exposing the metal to cosmic 
rays or the time since the helium was lost from the iron whichever is the lesser 
age. The numerical value again suggests that the critical time is again approxi- 
mately the same as all other ages mentioned above. Incidentally the observations 
indicate a considerable constancy of cosmic rays over a long period to time, i.e. 
some thousands of millions of years. Other irons contain smaller amounts of 
He? per gram. This may be due to spoliation as they passed through the atmos- 
phere or to shielding from cosmic rays during some time while they were part of 
a larger body. 


Origin of Meteorites 


It seems most likely that the meteorites are the fragments of asteroidal bodies 
which collided with each other. Such collisions should occur with some reason- 
able probability (Oprk‘*!’). Such collisions may have taken place at any time 
during the time that the asteroidal belt has existed, presumably the last 4-5 x 
10° years. This collisional origin can be accepted as most probable and it gives 
us little information in regard to the origin of the solar system. Such an aster- 
oidal body, if it contained the average concentrations of the radioactive elements 
would become warm in the interior and could well cause some loss of A* from 
minerals, and some sintering of some of the chondritic materials. Such col- 
lisions might produce fragmented crystals such as are found in the chondrites 
and perhaps even melting, and hence some droplets of melted silicates, i.e. the 
chondrules, and in this way a theory for the origin of chondrites might be 
devised (see below). I am disposed to doubt the origin of chondrules and 
chondritic material during the whole of geologic time by such processes, but 
these possibilities have not been excluded. 

What appears to be definite is that some chondrites were made about 
4-5 x 10° years ago. At that time the silicates had been melted, and the iron 
oxides reduced. The metals had been melted and had settled into pools in 
objects large enough to possess effective gravitational fields and high pressures, 
crystallization had occurred, the crystalline and iron masses had been fragmented 
and the whole collected into the conglomerate masses of at least some of the 
chondritic meteorites and no important heating processes have been applied to 
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them since then. The two groups of chondritic meteorites containing different 
amounts of iron had been made and it seems likely, as UREY and CRAIG suggest, 
that this difference is related to the general variation in density of the planets. 
This means that this occurred at a time during which loss of silicates from the 
system could occur and this process occurred in some way during the origin of 
the planets. 

Since the Beardsley and Holbrook meteorites, whose ages have been deter- 
mined as about 4-3 x 10° years, contain kamacite and taenite'*) the processes 
that produced these alloys occurred before this time also. The age of the 
Brenham pallasite indicates a similar age for kamacite and taenite. These facts 
and the age of separation of the iron meteorites from uranium and thorium 
presumably by a melting process require that all processes for forming the iron 
and chondritic meteorites occurred within the probable errors of the time 
determination, i.e. not over a few hundred millions of years. It is tempting to 
believe that all important chemical and physical processes had already taken 
place at that time. 

Some effective heating process for producing the massive iron and the silicate 
minerals is required. If this was radioactive heating by potassium, uranium, and 
thorium,* large and thus insulated objects must have been formed at low tem- 
peratures in order to retain the more volatile elements, then remained undis- 
turbed for a long period of time in order for this heat to have produced melting 
and then for an additional long period for the cooling process to occur. The 
total time required would be thousands of millions of years. If the objects 
accumulated shortly after the synthesis of the elements, short lived radioelements, 
such as Al?* (SIMANTON, RIGHTMIRE, LONG, and KoHMAN) and Urey'®)) may 
have produced the required melting rather quickly. Then if high pressures and 
low temperatures are required to produce kamacite and taenite, a very long 
period of time is required for cooling again. It is tempting to hope that these 
nickel alloys could have been produced under lower pressures and in shorter 
periods of time than UHLIG estimates. 

Urey'®) proposed models in which gravitational energy supplied the heat and 
in which large objects are assumed to have existed prior to the sun. They are 
much too complex to be reviewed here. Possibly such models might be modified 
to provide high pressures and time for cooling processes. The model proposed 
some years ago (UrEy‘**)) in which a high-temperature primitive sun supplied 
the heat did not provide high pressures for the production of diamonds and 
Widmanstatten figures, though it did furnish a mechanism for fractionating the 
silicate and iron phases of planetesimals and hence for the varying densities of 
the planets. 

Kurper'*4) has suggested that large protoplanets existed during the early 
stages of the formation of the solar system, that they accumulated at low 
temperatures before the sun became luminous and that they were dispersed 
during some 10® years by solar radiation when the sun acquired its present 
luminosity. An Emden hydrogen gas sphere of 1000 times the earth’s mass and 
4000 times its present radius would have a temperature of about 2500°C at its 


* G. P. Kuiper) proposed radioactive heating as the cause of melting of meteorites. The 
writer understood this to mean that this heating occurred during geologic time. This possi- 
bility is excluded by the K*°-A*® dates of the chondrites except for those chondrites which 
record ages less than about 4-5 x 10° years. 
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centre as is easily calculated from EMmpen’s tables‘**>) and its escape energy 
would be a quarter that of the present earth. Its surface gravitational accelera- 
tion would be 0:06 dyne and hence light pressure could remove gas and small 
particles from its surface. In fact, the dispersion of the gas might be very rapid 
and require much shorter times than KUIPER estimates. If the sun went through 
a brief period of high luminosity during the dissipation of its gravitational 
energy and the conversion of deuterium to He®, the dispersal of the protoplanets 
may have been of very short duration indeed. In this case, temperatures within 
the protoplanet may have fallen rapidly and complete evaporation of the solid 
planetesimals embedded in the gas need not have occurred and KUIPER’s model 
could have supplied the high temperatures previously assumed by Urey for the 
partial evaporation of silicates in order to secure a variation in composition of 
the planets. How and when the processes that produced the meteorites could be 
included in this model is not evident but processes of the type postulated by 
KUIPER may well have been part of the actual series of events. 

Urey and Donn'®”) have suggested that the source of heat for melting the 
minerals of the meteorites might be chemical in origin. It is observed that CH is 
found in interstellar space. If such free radicals, CH, NH, OH, etc., condensed 
at low temperatures and atomic hydrogen does not react with them to give 
stable molecules, a very effective source of energy would be present. Even some 
10 or 15 per cent by weight of these free radicals could furnish suffcient heat to 
melt the silicates and metallic iron. A layer of silicates and free radicals may 
have accumulated on an asteroidal sized object, then reacted as a result of some 
incidental excitation, then cooled to some extent and the whole process may have 
been repeated. Large objects with a temperature of some 500°C may have 
formed in this way and thus we may understand the formation of the Widman- 
statten figures and diamonds. DOoNN and Urey‘*®) have suggested that such 
reactions are responsible for the sudden flares of Comet Schachmann-Wachmann 
II. This heating process does not seem to supply a fractionation process for the 
loss of the silicate fraction and hence for producing a variation in the densities of 
the terrestrial planets. However, it may well have been one source of heat or one 
physical process occurring during the origin of the solar system. 

No model for the origin of meteorites has been proposed which satisfies the 
conditions reviewed in this section. The time schedules for the origin of the solar 
system can be seriously considered on the basis of the information thus far 
secured, though more data are seriously needed and can be expected in the near 
future. The evidence indicates that a very complex series of events, in which 
heating, cooling, and brecciation processes were prominent, occurred during a 
comparatively brief period some 4500 million years ago. It seems certain that 
the solar system was formed at that time and that the meteorites have kept a 
certain part of the record which we only now have learned to read. 


6. SOME EVIDENCE FROM THE MAJOR PLANETS AND THEIR 
SATELLITES 


The major planets have larger masses and lower densities than the terrestrial 
planets indicating that they have a more nearly solar proportion of the elements. 
It is evident from a study of their mean densities that their chemical compositions 
are not the same, a conclusion that has been obvious for many years. Thus 
Saturn has a lower density than Uranus and Neptune even though its mass and 
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hence internal pressure are larger. Jupiter with its much larger mass than Uranus 
and Neptune still has a lower mean density than Neptune and only slightly 
larger density than Uranus. It is probable that they all differ from each other in 
composition, though it may be that they can be grouped approximately, Jupiter 
and Saturn having a higher proportion of low density elements than Uranus and 
Saturn. Models for these planets have been made by WiLpr,'*) MILes and 
Ramsey," and BRrown.'*) More recently an extensive study (DEMaRcus'‘®’) 
uses more recent physical theory for substances, particularly hydrogen, under 
high pressures. MILEs and Ramsey find that they can account for the properties 
of Jupiter and Saturn by assuming that each has a heavy element core of 
nineteen earth masses and a hydrogen to helium ratio of twenty-three for both 
planets. DEMarcus also finds that the hydrogen-helium ratio for Jupiter must 
be about fifteen and thus near this same value. It would be most difficult to 
understand how hydrogen and helium could be separated during planet formation. 

These differences in proportions of elements in the major planets shows that 
chemical separation processes were effective throughout the solar system during 
its formation. It was pointed out by BRown'*” that substances on the basis of 
molecular weight and properties could be classified into three groups. The 
important elements in these groups, with an assignment of neon to the first group 
and not the second as BROWN originally gave them, are: 

(1) Hydrogen, helium, and neon. 

(2) Water, methane, ammonia. 

(3) The nonvolatile fraction, including the silicates and other compounds. 
The first group are volatile at all pressures and temperatures which have been 
postulated for the solar nebula by all students of the subject. Condensation of 
water could reasonably be supposed to occur even as near the sun as the earth 
and ammonia at Jupiter and Saturn, while it is reasonable to assume that even 
methane could have condensed at Uranus and Neptune. TER Haar'®) showed 
that such condensation would occur on the basis of VON WEIZSACKER’S theory 
and Urey‘® ”) gave a more exact discussion of the conditions for such condensa- 
tion. More recent discussions, e.g. MUELLER,'®) indicate that carbon compounds 
of considerable complexity may have condensed also. It would seem likely that 
in some way condensation of this kind together with other important conditions 
such as the total density of matter at varying distances from the sun caused the 
varying compositions of the major planets. It seems most likely that the accumu- 
lation of solid objects probably of some magnitude were an important feature of 
the formation of these planets. 

The satellites of the major planets present several interesting points. The 
“irregular”’ satellites, which are small and move in orbits inclined at large angles 
to the equatorial planes of their primaries, probably are incidental captured 
objects and give but slight information in regard to questions of origin. Triton 
is a large irregular satellite which may have acquired its retrograde motion 
during a close approach of Pluto to Neptune (LYTTLETON’?). Jupiter has five, 
Saturn, seven, and Uranus, four regular satellites. The dimensions of the orbits 
are well known but the masses of the smaller objects must be inferred from their 
diameters and estimated densities and these diameters are not well known. It 
appears reasonably certain that the densities of the Galilean moons of Jupiter 
have densities of about those of the moon or less, and in fact Ganymede and 
Callisto must contain some low density compounds most probably water. Many 
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of these regular satellites are of asteroidal dimensions. It was evident to GALILEO 
that Jupiter’s system of moons was a miniature of the solar system. Jeans’) 
says “‘Each of these small systems is so exact a replica in miniature of the solar 
system that no suggested origin for the main system can be accepted unless it can 
account equally for the smaller planetary systems”. JEANS derived a formula for 
the minimum masses of gas which will separate due to gravitational instability 
from a large homogeneous body of gas, namely, 


ua (Z) ua 
3G) pt 

where y is the ratio of the heat capacities, G the constant of gravitation, v the 
velocity of gas molecules and p the density of the gas, and he applied this to a 
filament of gas which he and JEFFREYS assumed was removed from the sun as a 
theory for the origin of the planets. He recognized that his gravitational in- 
stability condition for gaseous masses would not be applicable to the satellites 
of the major planets generally and concludes that “whatever view we hold as to 
their origin, it is comparatively certain that the asteroids, the majority of the 
satellites of the planets and of course the particles of Saturn’s rings have been 
solid or liquid from birth’’. It is evident that the small satellites or asteroidal 
bodies cannot hold gases in their gravitational fields unless p were very large. 
Hence, JEANS is inconsistent in using gravitational instability of gases to account 
for the planets and then using a condensation of liquids and solids to account 
for satellite systems. Even if the spacing of the planets about the sun can be 
accounted for by gravitational instability of an original gas mass, it is not pos- 
sible to account for the spacings of the satellite systems of the major planets by a 
similar mechanism regardless of whether the model is the filament model of 
JEANS or the disk nebular model of VON WEIZSACKER and its modifications.* 
Though turbulence has often been invoked no evidence has ever been presented 
to show that the accumulation of solid objects would be more easily accomplished 
in turbulent gases. It is the conclusion of the present writer that the emphasis 
should be placed on the accumulation of solid objects probably by gravitational 
settling of solid particles, and not on the behaviour of gases. As suggested by 
Urey, %) the processes may have been similar to those occurring in rain and 
snow storms involving water as well as other substances. In spite of a large 
body of observational data in regard to terrestrial processes of this kind, no 
satisfactory theoretical discussion appears to be possible. If we cannot construct 
adequate theories for thunderstorms, it seems likely that any theory for these 
cosmic processes would hardly be exact or very useful. Chemical fractionation 
of the elements as required by the densities of the major planets may well have 
occurred during such a process. Hoy ze,'®”) TER Haar," and KurPer'®) have 
discussed molecular condensation of supersaturated gases as a mechanism for 

* A complete discussion of this subject would require a long paper, which should be 
written possibly, since it is a positive impediment to a subject to have the words “gravitational 
instability” used repeatedly as an explanation, when no detailed consistent use of this theory 
has ever been applied to the data. The serious reader should use JEaNs’s formula and the data 
on planets and satellites from any astronomy text to calculate masses and dimensions of 
protosatellites as compared to satellite orbits, and densities and masses of solar and planetary 


disk or filament nebulz, in order to see whether any reasonably physically consistent theory 
can be devised. In studies of this kind the writer always is forced to conclude that JEANs’s 


statement is correct. 
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the accumulation of large objects many kilometres in diameter. TER HAAR 
pointed out the difficulties associated with such processes. At the gas densities 
considered, supersaturated gases, especially in the presence of radioactive sub- 
stances, would condense to smoke in very short periods of time—shall we say 
microseconds—instead of to asteroidal objects in millions of years as has been 
assumed. Furthermore, in order that one object may grow to large size at least 
its mass must be available as supersaturated gas for condensation. This means 
that one individual particle must be present in large volume, some 10* cm’, with 
no competition from other particles for some 10’ years! That this would occur 
is inconceivable. It seems probable that the entire process of planetary evolu- 
tion was dominated from the beginning by solid objects rather than by gases and 
it is possible that the accumulation process for large objects occurred by pro- 
cesses similar to those occurring in the formation of rain and snow and the 
settling of particles as formed in gravitational fields, though very probably the 
correct process has not been suggested. 


7. SUMMARY AND CONCLUSIONS 


Table 9 gives a summary of the indicated course of events. This table is essen- 
tially that given by Urey in 1951 on the occasion of the Silliman Lectures at 
Yale University. In this an attempt was made to include chemical evidence 
within the framework of the von Weizsacker-Kuiper theory. It is modified by 
facts which are presented in this paper. In particular it seems most probable 
that the elements carbon, nitrogen, and oxygen were not always predominantly 
in their most stable chemical compounds, but that they existed as free radicals 
and carbon compounds, and indeed that these elements were preserved on the 
earth and meteorites at least partly as these compounds. The data indicate a 
repetition of the accumulation of fairly large planetesimals in order to account 
for the structures and mineral compositions of meteorites. Also, the heating 
processes probably included chemical heating as well as other sources of heat. 
Accumulation and heating processes may have followed each other repeatedly. 
No clear process for producing all the variations in chemical composition of the 
meteorites such as some of the achondrites and carbonaceous chondrites has 
been provided. Certainly the actual process was more complicated than that 
presented here. These processes were completed during a short period of time 
some 4500 million years ago. 

The theories for the origin of the solar system which are reviewed in Volume I 
of this series by Sir HAROLD SPENCER JONES attempt to account for the well- 
known astronomical properties of the solar system. It seems that it can be con- 
servatively stated that none of these theories can be regarded as rigorous and 
conclusive. It is probable that such a theory is hardly to be expected at the 
present time. The “‘boundary conditions” discussed in this chapter mostly refer 
to the earth, moon, and meteorites, and only to some extent the other planets. 

The physical and chemical evidence emphasizes the importance of solid bodies 
and the physical and chemical processes to which they were subjected, while the 
astronomical theories emphasize the importance of gases and their behaviour in 
gravitational fields. The absence of any observable fractionation of elements 
less volatile than mercury and its compounds in the case of the meteorites and of 
the earth indicates generally low temperature accumulation and subsequent 
heating only under conditions leading to very limited loss of volatile elements. 
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It is necessary to understand how substantial bodies accumulated from smaller- 
sized solid objects. Once such substantial bodies become part of the theories, 
the discussion of the gaseous material must be quite different from that applic- 
able to a gas containing small dust particles. At least the possibility that the 
solids rather than the gases dominated the processes should be seriously 


considered. 
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JEANS derived a formula for the size and mass of gas into which a uniform gas 
mass would separate due to gravitational instability and inferred rather hope- 
fully that this theory would account for the planets of the solar system. This 
theory is referred to in certain recent discussions of the subject but the internal 
contradictions which were evident to JEANS have never been resolved. 

It can hardly be maintained that any of the more recent theories, such as those 
associated with the names of ALFVEN, VON WEIZSACKER, KUIPER, and SCHMIDT, 
are rigorously proven to be true for they are attempts to correlate observed data 
with reasonable but approximate mathematic formulations of physical processes. 
It should be noted, however, that the Soviet school associated with O. J. SCHMIDT 
(see ScHMIDT,2° and GuREWICH and LEBEDINSKY'®®’) have introduced the 
behaviour of solid bodies from the beginning of their discussion and have assumed 
that the solids and their separation from large amounts of gas dominated the 
entire process. They argue that the dust was separated from gas by radiation 
from the sun in its early stages and that the dust then formed a disk of approxi- 
mately the mass of the present planets. It is interesting that SrRuvE has 
found a region about « Sco B from which hydrogen is absent and iron and 
presumably other nonvolatile elements are present, indicating that separation of 
gases and solids has occurred in this very special region at least. It is the opinion 
of the writer at the present time that theories with this emphasis on the accumu- 
lation of solid materials are in better accord with the chemical and physical data 
presented in this review than are theories based on the behaviour of gases. 
However, it seems most likely that some synthesis of points from the several 
theories may give us eventually the most acceptable description of the probable 
process for the formation of the solar system. 
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SOME CURRENT ASPECTS OF CHEMICAL 
OCEANOGRAPHY* 


By FRANCIS A. RICHARDS 


CHEMICAL oceanographers are concerned with the composition of sea water, the 
distribution of the variable chemical constituents of sea water, and the bio- 
chemical and hydrochemical cycles in the sea which bring about the observed 
distributions. These aspects are considered in a dynamically circulating system, 
across the boundaries of which chemical and energetic exchanges are constantly 
proceeding. The boundaries may be phase boundaries at the surface and bottom, 
or they may be water-mass boundaries established by density gradients, kine- 
matics, or chemical properties; they may be largely determined or described 
chemically, because of the effect of the salt content on the density of sea 
water, and because specific water masses often have characteristic chemical 
properties. 

The sea must also be considered as an ecological environment; its chemical 
and energetic makeup will largely determine its populations, which in turn will 
leave their mark on the chemistry of the water, in cyclic successions. The bases 
of modern oceanography were established in large part by marine biologists, and 
it is natural that studies of biochemical cycles should have sprung from these 
beginnings. The interest of fishery biologists in practical matters of organic 
productivity and the effects of the chemical system on fish populations have 
stimulated investigations in chemical oceanography. 

Geochemical interest in the distribution of elements on land, in the sea, and in 
the sea floor requires detailed knowledge of the constituents of sea water, and a 
large part of our knowledge concerning the minor elements in the sea is owed to 
geochemical researches, notably those of V. M. GOLDSCHMIDT and his co-workers. 

Historically, the analysis of sea water has received much emphasis and con- 
tinues to do so. This is not only because knowledge of the composition of sea 
water is necessary for progress in all branches of oceanography, but also because 
sea water presents rather specialized and challenging analytical problems. 
BARNES (1955) has reviewed this general subject, and points out some of the 
difficulties arising from the complex chemical nature of sea water and the 
conditions under which the analyst must work when at sea. Superimposed on 
these difficulties are those of obtaining uncontaminated representative samples 
from many depths over immense areas. 

Prior to the Challenger’s circumnavigation of the globe in 1873 to 1876, no 
valid generalizations concerning the chemistry of the seas were possible. Since 
that time, there has been a gradual accumulation of observations so that to-day 
the distributions of some of the constituents of sea water are more or less well 
known on a world-wide basis. Other constituents have been observed less 
frequently or in limited regions, and still others have been detected or determined 
only once or a few times. Some constituents are known to be present in sea 
water only because they have been found in the bodies of marine organisms, 

* Contribution No. 844 from the Woods Hole Oceanographic Institution. 
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where they must have been concentrated from the sea water itself. The variations 
in the concentration of many constituents from place to place and time to time 
cannot be described, and it is obvious that chemical, biological, and physical 
reactions of these constituents in the sea cannot be fully recounted. We have a 
reasonably good general picture of the total salt content, the distribution of 
dissolved oxygen, and of some of the nutrient salts, especially phosphate, but the 
distributions of most of the materials present in very small concentrations in sea 
water are almost wholly unknown. Progress has been more rapid in describing 
the distributions of properties of demonstrable interest for which good analytical 
methods are available. For example, knowledge of dissolved oxygen in the 
oceans was scanty and of poor accuracy until the Winkler titrimetric analysis, 
easily and accurately workable aboard ship, replaced older gasometric methods. 
Since the first use of this method on an extensive cruise, aboard the Planet during 
her round-the-world cruise in 1906 and 1907, there has been built up a large body 
of data on the distribution of dissolved oxygen which has led to interesting 
interpretations of physical and biological processes in the ocean. Similarly, the 
salt content, one of the parameters determining the density of sea water, and in 
turn, the circulation of the sea, is fairly well known because good methods are 
available for its determination and the subject is of general interest to oceano- 
graphers. . 

Since the descriptive phase of chemical oceanography must await the develop- 
ment of adequate analytical methods, comments on the present status of the 
analysis of sea water will be included in this review. 


THE MAJOR CONSTITUENTS 


One of the most important findings in DITTMAR’s (1884) analyses of seventy- 
seven samples of sea water collected by the Challenger was that the major 


Table 1. The Major Constituents of Sea Water, and their Ratios, 
by Weight (from SVERDRUP et al., 1942) to Chlorinity 








Chlorinity ratio, | Grams per kg of water 


ion gperunitCl of 19%, chlorinity 





Chloride, Cl- 0-99894 | 18-9799 
Sulphate, SO,= 0-1394 2:°6486 
Bicarbonate, HCO,- “000735 0-1397 
Bromide, Br- 0-00340 0-0646 
Fluoride, F- 0-00007 0-0013 
Boric Acid, H;BO; 0-00137 0-0260 
Sodium, Na* 0:5556 10-5561 
Magnesium, Mg** 0-06695 1-2720 
Calcium, Ca*+ 0-02106 0-4001 
Potassium, K* 0:02000 0-3800 
Strontium, Sr++ 0-00070 0-0133 











Fluoride is included in this list with some misgivings; it is considerably more concentrated 
in sea water than the so-called minor or trace elements, but there appear to be relatively large 
variations in the fiuoride/chlorinity ratio. For this reason, it is also included in the table of 
minor elements, which is given later (p. 90). 
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constituents of sea water occur in constant ratios to one another. These major 
constituents, the ions of sodium, magnesium, calcium (with strontium), potas- 
sium, halides, sulphate, carbonate, and undissociated boric acid, make up 99-8 
to 99-9 per cent of the total material dissolved in sea water, and it follows that 
the determination of any one of them suffices to give a measure of the total salt 
content of the water. Classically, the halides have been determined by titration 
with silver nitrate, and the chlorinity thus determined is related to the salinity by 
KNUDSEN’S (1901) formula, 


S = 0-03 + 1/805 x chlorinity. 


From what has been said of the constant ratios in which the major constituents 
of sea water occur, it follows that the concentrations of the other major consti- 
tuents can be computed from the chlorinity and the proper chlorinity ratio 
(Table 1). 

More recent determinations of chlorinity ratios have been made, and are 
summarized in Table 2. In some instances, variations in them may reflect small 
real differences in the different water masses analysed. 


Anomalies in Chlorinity Ratios 

From the investigations that have been made to date, it can be concluded that 
variations in the chlorinity ratios of the major constituents in the ocean are 
small, generally so near the accuracy of the available methods that most careful 
analyses must be made to detect them. The major differences that may be found 
are in places where rivers enter the ocean, where the ratio is altered by freezing 
out of sea ice, or by in situ biological activity. The latter appears to apply 
almost exclusively to the sulphate-chlorinity ratio, which may be affected in 
stagnant areas which become anaerobic; under these conditions, sulphate ions 
are reduced to sulphide, and the ratio changes. Calcium and strontium may be 
depleted by deposition as animal shells. OBARA (1951) has used anomalies in the 
sulphate-chlorinity ratio as an indicator of stagnation of sea water in a bay. 
However, approximate calculations indicate that the sulphate-chlorinity ratio 
should be changed by only about 0-0005 in the depths of the Black Sea, where 
concentrations of about 10 mg of sulphide sulphur per litre are found. 

LEwis and THOMPSON (1950) have reported on the effect of freezing on the 
sulphate chlorinity ratio in sea water; the ratio in the brine left behind was 
smaller than in the salts retained by the ice, and was found to be a nonlinear 
function of the rate of freezing and of the temperature at which the freezing 
takes place. 


Properties of Sea Water Dependent on the Constant Ratios in which the Major 
Constituents Occur 

Because the major constituents of sea water occur in essentially constant propor- 
tion to one another, leaving the amount of water as the chief variable (REDFIELD, 
1948), there are several properties of sea water which vary with the total concen- 
tration of the major elements. It is apparent that the precise determination of 
one of the major constituents suffices to fix the concentration of the others. 
Density, the colligative properties, and other physicochemical properties of sea 
water, are thus all interrelated. 
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Table 2. Recent Determinations of Chlorinity Ratios 





bai tae | 
yen Poni | Recent values | Source of samples Reference 


| | 








Na*/Cl_ | 0-5549 | WEBB (1939) 
(0:5556) 0-5549 Three Pacific Sta. | ROBINSON & KNAPMAN (1941) 
| 05562 Straits of Juan de Fuca | RoBINson & KNAPMAN (1941) 
and Puget Sd. 


0-555¢a) | Nisikawa et al. (1939) 
0-5554, Tokyo Bay | MATIDA (1951) 
0:5517 





Mg*+/Cl- 0:0669 Northeast Pacific MIYAKE (1939c) 
(0-6695) 0-0676 | Northwest Pacific MIYAKE (1939c) 
0:067'®) | NISIKAWA et al. (1939) 
0:06697 | Tokyo Bay MATIpDaA (1951) 





Cat+/Cl- '») 0-022‘) | Nistkawa et al. (1939) 
(0-02106) 0:02136 | Tokyo Bay | Matipa (1951) 

0-02188 | Gulf of Alaska | CHow & THOMPSON (1955a) 
+ 0:00008 | 


K+/Cl- 0-018'®) | NISIKAWA et al. (1939) 
(0-02000) 0:02009 | | Wess (1939) 

0-0002 

0-0191 Pacific Waters MIYAKE (1939c) 
0:02021 | Tokyo Bay | Matipa (1951) 


Sr+++/Cl- 0-00075 MryakeE (1939b) 
(0-00070) | 0-0005 | SMALEs (1951) 
0:00042 | Opum (1951) 
0:00042 CHow & THOMPSON (1955b) 
~ 0-00002 





$O,=/Cl- 0-142‘) NISIKAWA et al. (1939) 
(0-1394) 0-13991 Irish Sea BATHER & RILEY (1954)'°) 
| + 0:00019 | | 
0-1394 | Tokyo Bay Matipa (1951) 


Boric Acid/Cl- | 0-00136 | Increasing w/depth | MrvaKE (1939d) 
(0-00137) | 0-00162 MIvYAKE & MaTul (1939) 


Br-/Cl- | 000340 | THOMPSON & Korpi (1942) 
(0-00340) 0-00343 | Coasts of Gt. Britain HasLaM & GIBSON (1950) 

| 0:00347 Coasts of Japan and Matipa & YAMAUCHI (1951) 
/+0-000034 | Tokyo Bay 





HCO,- | 000741 | Tokyo Bay | Matipa (1951) 
(0-00735) | 





‘®) The values from NIsIKAWa et al. (1939) are mean values from 125 analyses of water 
taken between Yokohama and London and 104 taken between Yokohama and San Francisco. 

(>) Calcium exclusive of strontium. 

‘©) BATHER and RILEY (1954) also noted that the SO,=/CI- ratio increased to 0-1640 in 
going upstream in the river Mersey in March 1954. 
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The colligative properties of solutions are those which depend on the activities 
of the ions in solution. The activities are the products of the concentrations of 
the ions and their respective activity coefficients. Since these properties, the 
vapour-pressure lowering, freezing-point depression, boiling-point elevation, and 
osmotic pressure, depend on the activities of the ions, if any one of them is 
empirically determined the others can be computed. Until recently, empirical 
determinations of only the freezing point (SVERDRUP et al., 1942, p. 65) and of 
vapour pressures between 25° and 175°C (HIGASHI ef al., 1931) had been 
made. 

ROBINSON (1954) has now made measurements of the vapour-pressure lower- 
ing, Ap/p® = (p® — p)/p°, in which p is the vapour pressure of the sea water and 
p® is the vapour pressure of pure water (23-756 mm Hg at 25°C). His measure- 
ments were made by equilibrating sodium-chloride solutions of known concen- 
tration with sea water in a vacuum desiccator. At 25°C, the vapour-pressure 
lowering and the osmotic pressure (which was calculated from the vapour- 
pressure lowering) were determined as follows: 





| Vapour-pressure | Osmotic pressure 
lowering (atmospheres) 


fo Cl 





0-00946 
0-01042 
0-01139 
0:01237 
0-01334 
0-01433 
0:01532 
0-01632 
0:01732 
0-01833 
0-01936 
0-02039 
0:02142 











New determinations of the vapour pressures of sea-salt solutions have also 
been made by ARONS and KIENTZLER (1954). These determinations were 
made at temperatures between freezing and 25°C, covering salinity values 
between 5 and 160%. ARONS and KIENTZLER combined their data with 
those of HiGasut et al. (1931), which covered temperatures from 25 to 
175°C. 

MIYAKE (1939e) had previously computed the depression of the vapour 
pressure (in mm of Hg) for sea waters of different salinities at their boiling points 
from (1) the pressure of saturated water vapour near 100°C under a pressure of 
760 mm Hg and (2) from boiling points at pressures slightly lower than 760 mm 
Hg. The two methods gave results which never differed more than 0:02 mm Hg; 
the averages from the two calculations are shown below in mm Hg: 


Salinity %o 5 10 15 20 25 30 35 40 
Av. Vapour-Pressure Depression 2:17 433, 6:76, 892 11°07 13:20; 15-61 17-75 
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MIYAKE (1939e) reported that the freezing-point depression of sea water could 
be represented by the simple formula AT = 0-102710 Cl, where C/ is the chlori- 
nity in parts per mille. This can be related to the osmotic pressure at 0°C by the 
equation Py = 12:05 x AT or at other temperatures Pp = 1:240C/ + 
0-00454C/] - T. The boiling-point elevation was also calculated by MIYAKE to be 
AT = 0-01645S, where S is the salinity in parts per mille. 

WILSON and ARONS (1955) have also computed the osmotic pressure of sea 
water from the vapour-pressure-lowering data of ARONS and KIENTZLER, Over 
the temperature range 0 to 35° and the chlorinity range 5 to 100%, Cl, They 
estimate that the errors in their osmotic pressure computations range from 
+ 2-8 atmospheres at 0°C to 0-4 atmospheres at 35°C. At a temperature of 
20°C, their results were about 1 to 2 atmospheres lower than those calculated 
from ideal-solution theory. 

Direct observations of the boiling points of sea water and sea water concen- 
trates have been made by HAMPEL (1950) for engineering purposes. The con- 
centrates were prepared by evaporating sea water under an infra-red lamp while 
passing a stream of carbon dioxide free air over its surface. HAMPEL reports the 
following boiling points: 


Boiling Points of Sea Water of Various Chlorinities 
(from HAMPEL, 1950) 
(Barometer, 747 mm Hg) 





Chlorinity, %0 | Boiling point, °C 








18-0 | 1003 + 0-1 
20-4 100-7401 
29-4 100-9 + O1 
48-3 | 101-3 + 01 
61-2 101-9 + O1 





Other Physicochemical Properties of Sea Water 


The ionic strength of sea water is important not only in physical measurements, 
but is of biological interest, especially where relationships between the composi- 
tion of sea water and the body fluids of marine organisms are concerned. 
BARNES (1954a) has published a series of tables in which he has computed the 
concentration of chloride, bromide, sulphate, bicarbonate, calcium, magnesium, 
potassium, strontium, and sodium ions and of boric acid in sea water, using the 
following concentration units: 


. Grams per kilogram of sea water. 

. Grams per litre (20°C) of sea water. 

. Millimoles (milligram-ions) per kilogram of sea water. 

. Millimoles (milligram-ions) per litre (20°C) of sea water (molarity). 
. Grams per kilogram of water. 

. Millimoles (milligram-ions) per kilogram of water (molality). 
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In another table, he has computed the vapour pressure and osmotic equivalence 
of sea water at 25°C. 

The ionic strength and temperature are parameters determining the electrical 
conductivity of solutions, and it is apparent that measurements of electrical 
conductivity could be used for the determination of salinity and density. Funda- 
mental data relating the specific conductance, temperature, and the chlorinity 
were empirically determined and reported by THOMAS, THOMPSON, and UTTER- 
BACK (1934). POLLACK (1954) has discussed possible errors in the values of 
THomas et al., which include errors in the specific conductance values of their 
standard reference solutions and in the design of the conductivity cell they used. 
He points out that there may be errors related to the absolute constancy of 
relationships between chlorinity and specific conductance, which would vary 
with departures from the constancy of the ratio of the total ionic strength to the 
chlorinity value; there may be variations in differing water masses and varia- 
tions arising from differences in the total carbon dioxide-bicarbonate-carbonate 
equilibrium system. For the most practical purposes, these errors are small 
enough for the method to be used satisfactorily for salinity and density deter- 
minations for oceanographic purposes. Practical necessities are provision for 
making the measurements at accurately thermostated temperatures, scrupulous 
cleanliness of the cells and water samples, and provisions for degassing the 
samples, since any bubble formation in the cells arising from the evolution of 
dissolved atmospheric gases cannot be tolerated. Nonetheless, the conductivity 
method has been in use by the International Ice Patrol for many years, using an 
apparatus described by WENNER, SMITH, and SouLe (1930). An improved 
conductivity bridge has recently been constructed and described by SCHLEICHER 
and BRADSHAW (1956). This instrument has been used on several cruises 
from the Woods Hole Oceanographic Institution, and promises to be not only 
more rapid and convenient than titrations, but also of being capable of a higher 
order of precision, even when used on a routine basis aboard ship. This instru- 
ment should permit considerably more critical analyses of salinity data, affording 
surer distinctions between salinities and densities than have formerly been 
possible. 

In addition to using the conductivity of sea water for the determination of 
salinity in discrete samples, a continuously recording salinity, temperature, and 
depth analyser has been built (JACOBSON, 1948). This instrument employs a head 
containing a sensitive zylol thermometer, a sylphon bellows which activates a 
variable resistance in response to pressure changes, and a conductivity cell. The 
signals from the thermometer and conductivity cell are fed into a computing 
mechanism (based on data of THOMAS et al., 1934) which converts them into 
salinity. Salinity, temperature, and depth are simultaneously recorded by servo- 
motor driven pens. In practice, the “head” can be mounted on a ship under way 
to give a continuous record of salinity and temperature, or may be lowered into 
the water while hove to, to give these same variables recorded against depth. 
Neither the salinity nor the temperature-records are highly precise, but the 
instrument has the great advantage of giving a continuous record which can be 
spot-checked against more precise measurements. The instrument has been put 
to good use in inshore waters where there may be frequent and large variations 
in the water, and high precision may be less important than is a knowledge of the 
details of the changes taking place. The instrument described by JACOBSON is 
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limited to a depth of about 1200 ft; Hamon (1955) has published preliminary 
notes on a temperature-salinity-depth recorder being built in Australia which 
compares with JACOBSON’s instrument as follows: 





| HAMON JACOBSON 





| 
Temperature | 0° to 30°C + 0-1°C | 29° to 90°F + 0-2° 
| (32 to 86°F) | (— 1-67 to 32:22°C) 
Chlorinity | 18-3 to 20°5% + 003% | (11°07 to 22°15% + 016%) 
Salinity | (33 to 37% + 0-05%) 20 to 40%. + 03% 
Depth 0 to 1000m + 20m (0 to 366 m + 3:7 m) 
(0 to 3281 ft + 65-5 ft) (0 to 1200 ft + up to 12 ft) 








(Parentheses indicate quantities equivalent to those the authors report.) 


The thermal coefficient of conductivity of sea water is relatively high. 
GHEORGHIU and CALINICENCO (1940) pointed out that it is much larger than 
would be expected from the thermal coefficient of conductivity of sodium 
chloride, and attribute this augmentation to the hydrolysis of sea water, which 
has an excess of strongly basic cations, and to the marked effect of temperature 
on hydrolysis. Their measurements indicated that the conductivity varies 
linearly with temperature, and report the following equations relating conduc- 
tivity and temperature: 

10°kp = 14-30 + 0-5127, for salinities of 17:5%, 
10°kp = 11-46 + 0-4527, for salinities of 14-0%, 
and 108k = 8-92 + 0-2907, for salinities of 10-0%, 


In these equations, ky is the specific conductivity in ohm! x cm at the 
centigrade temperature 7. (These findings are not in agreement with those of 
THOMAS et al. (1934) who found a small but appreciable departure from linearity 
in the variation of specific conductance with temperature.) GHEORGHIU and 
CALINICENCO propose that this large temperature coefficient of conductivity be 
taken advantage of in constructing a thermometer. They reported the following 


thermal coefficients, «, 
a S%o 
0:0358 17°5 
0-0371 14-0 
0-0325 10:0 
The refractive index of sea water can be represented as a function of the 
chlorinity by the equations 
Np, 25° = 1-33250 + 0-000328C/ (UTTERBACK, THOMPSON, and THOMAS, 1934) 
Np, 25° = 1-332497 + 0-000334C/ (MIYAKE, 1939f). 
According to TARNGE (1900), it is related to the salinity by the equation 
log np, 17-5°/S = 614340 — 0-00006S. 


In these equations, np is the refractive index for the sodium D line at the 
temperature, 17-5 or 25°C, specified, C/ and S are the chlorinity and salinity, 
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respectively, in parts per mille. MIyAKE has shown that the refractive index of 
sea water is the summation of the refractions of pure water and the dissolved 
salts. 
GaMEZz (1942) and others have discussed the possibility of using measurements 
of the refractive index for the determination of the density of sea water. SAINT- 
GulILy (1954) has published tables, based on the data BEIN, HIRSCKORN and 
MOLLER (1935) of the refractive index as a function of the temperature, between 
0° and 30°C, and of the density at 17-5°C for the range 1:02 to 1-032 g/cm’. 

The viscosity of sea water decreases with increasing temperature and increases 
with the chlorinity. Coefficients of viscosity can be calculated from the formula 

a ae 
ee hi 

in which 7 is the coefficient of viscosity of sea water at a given temperature, 
Nw» is the coefficient for pure water at the same temperature, p and p,, are the 
density of sea water and pure water, respectively, at a given temperature, and ¢ 
and ¢,, are the time in seconds of flow of sea and pure water through the capillary 
of a viscometer (MIYAKE and Koizumt, 1948). 

The relationship between the viscosity of sea water and the temperature is 


a No : 
om iar + pr 


No is the viscosity at O°C, Tis the temperature, and « and f vary with the chlorinity. 
MIYAKE and Koizumi have reported experimental values of « and for chlori- 
nities from 1 to 20%, and have computed viscosity coefficients for each part per 
mille of chlorinity up to 20%, and for each degree from 0° to 30°C. 

R. and J. DARMOIS (1947) investigated the viscosity of Mediterranean waters 
and found that the specific viscosity divided by the salinity (7,/S) varied only 
slightly about the average value of 2-117 x 10-* at 20°C. They postulated that 
the value of this ratio constituted a characterization of the “purity” of sea water. 
However, later measurements of the ratio (R. and J. DARMOIS, 1950) in the North 
Sea averaged 2:134 x 107% at 20°C and 2-197 x 107° at 28°C, and they did not 
find especially high values in regions of good fisheries, where they suspected the 
viscosity might be high owing to large amounts of impurities in the water. Thus, 
the specific viscosity does not seem to be a sensitive measure of the purity of 
sea water. 

The surface-tension of sea water is important in studies of phenomena such as 
the generation of waves and the occurrence of slicks. The property is especially 
sensitive to impurities in the sea surface, and Fox et al. (1952) have shown that 
relatively large quantities of marine leptopel are found in the water in regions of 
slicks. LumMBy and FOLKARD (1954) have adopted a method described by ADAM 
(1937) for determining the lowering of the surface tension at sea. It depends on 
the fact that certain fatty substances will just spread against a contaminating 
film, which lowers the surface tension. Drops of successive solutions of gradually 
increasing concentration of n-dodecy] alcohol in medicinal paraffin are placed on 
the sea surface until a pair is found, one of which just spreads, the other does not, 
thus bracketing the spreading force of the surface, which is given by the expres- 


sion 





Yaw — (Yao + Vu) 
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The terms stand for the surface tensions at the air-water, air-oil, and water-oil 
interfaces, respectively. Observations could be made at sea in winds up to 
force 3. 

Lumby and FOLKARD have observed that in ruffled areas, the depression of the 
surface tension was between 2 and 3 dynes/cm, but much higher values were 
obtained in slicks, up to 22$ dynes/cm. They suggest that the surface contamina- 
tion may have come from land in those areas where the highest values were 
found. 

The foaming of sea water is a commonly observed phenomenon, of impor- 
tance in the studies of ships’ wakes and in the formation of whitecaps, on which 
part of the Beaufort scale of wind force is based. The phenomenon has been 
studied by MIYAKE and MIYAKE and ABE (1943, 1948) and their work has been 
summarized by ABE (1954). By shaking sea water in an ampoule under stan- 
dardized conditions, they have observed relationships between the temperature 
and chlorinity and the height of the foam layer; the foaming ability of sea water 
increases with chlorinity and decreases with temperature (as does viscosity) and 
the mean diameter of the bubbles decreases exponentially with increasing 
chlorinity according to the equation 


d = 5-4 x 8-5-4 


in which d is the radius in millimetres and C/ is the chlorinity in parts per mille. 

Bubble-size frequencies and mean bubble radii as functions of time, decay 
rates, mean lives of bubbles, their activation energies and the “equivalent radius 
of foam” have also been described for sea waters. It has also been observed that 
the height of the foam layer in organic acids is small (i.e. they are almost non- 
foaming) but in solutions of salts and alkalis, the foaminess goes through a 


maximum as the concentration is increased. Field observations have been made 
on the stability of foam on white crested waves at sea. 


Determination of Chlorinity, Salinity, and Density 


The chloride content of sea water is the major constituent most readily 
determined by precise chemical methods. Oceanographers have adopted stan- 
dardized variations in the classical Mohr titration of halides against silver 
nitrate, referring their results to samples of sea water furnished and carefully 
analysed by the Laboratoire Hydrographique in Copenhagen. More recently 
there has been established a new standard based on the mass of silver required 
completely to precipitate the halogens from a kilogram of sea water. 

The original Mohr titration used potassium chromate as an indicator; this 
had the disadvantage of not showing the stoichiometric end point of the titration, 
thus requiring considerable subjective judgment on the part of the analyst. 
Recent researches in the chlorinity titration have been aimed at improving the 
detection of the endpoint with indicators and by potentiometric methods, in 
decreasing the size of the sample titrated to take advantage of the speed and 
convenience of semimicro analytical methods, and in devising more nearly 
automatic methods of titration. Fluorescene has been used as an indicator, and 
MIYAKE (1939a) introduced the use of a starch-uranin indicator, which shows the 
endpoint more clearly than does potassium chromate. SARUHASHI (1953a) has 
described a semimicro determination, using MIYAKE’s indicator, which requires 
only one tenth of the volume of sea water used in the original Mohr titration. It 
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should be pointed out that, in general, absolute errors assume greater propor- 
tionate values in semimicro procedures. VAN LANDINGHAM of the Pacific 
Oceanic Fisheries Investigations Laboratory in Honolulu, uses a mixed starch- 
phenosafranine indicator, which also gives a stoichiometric endpoint, in prefer- 
ence to the fractionally precipitated chromate (personal communication). 
Attempts to make a completely automatic titrator, in which the addition of the 
titrant is controlled electronically by potentiometric signals from the solution, 
have met with indifferent success, requiring, as they do, complicated servo- 
operated mechanisms and the use of electrode systems which are subject to 
instabilities. Potentiometric determination of the endpoint of a manually 
controlled titration is more successful; this method has been adopted and 
described by BATHER and RILEY (1953). The potentiometric determination of 
the endpoint has been made the subject of a critical study by PRocTor (1956), 
who has analysed the errors introduced by day-to-day variations in the electrode 
potential at the endpoint. CHRISTIE and NEWMAN (1955) have reported on a 
statistical study comparing the effectiveness of hand stirring compared with 
magnetic stirring, concluding that there are no significant differences in the 
results of the two methods. Electrically powered propeller-type glass stirrers 
were introduced with satisfactory results at the Woods Hole Oceanographic 
Institution several years ago. These are important matters of technique, since 
precipitated silver halides occlude unprecipitated halide ions, introducing errors 
which are significant in terms of the density of sea water and the identification of 
water masses by temperature-salinity correlations. 

The flame photometric determination of sodium is a common analytical 
technique, but appears to lack the degree of accuracy required for the determina- 
tion of the salinity of sea water. HOoMNA (1955) has described a flame photo- 
metric determination of chloride in sea water, which depends on adding copper 
nitrate to the water, and photometry of the CuCl band peak at 435-4 mu. No 
great sensitivity is claimed for the method. 

Many attempts have been made at the more direct determination of the density 
of sea water by means of hydrometers, pycnometers, and such. Simple hydro- 
meters usually lack the precision required and are very sensitive to the surface 
tension effects of contaminants. Cox (1954a) has recently described a total 
immersion hydrometer, which he reports to be comparable with titration for 
accuracy and about twice as fast. However, it has the disadvantage of not being 
useful at sea because it is sensitive to the vertical oscillations of the ship. ROCH- 
FORD (1954) has described a chainomatic pycnometer, now commercially 
available, for the direct determination of chlorinity, which he reports to be 


useful at sea. 


THE MINOR CONSTITUENTS OF SEA WATER 


The constituents making up the two or three tenths of a per cent of the dissolved 
solids in sea water not included in the “major constituents” are far from minor 
in their biochemical and geochemical importance; the use of the term minor 
refers solely to relative concentrations. For convenience, they can be divided 
into the principal nutrient elements, phosphorus, nitrogen, and silicon, into the 
micronutrients such as iron, copper and manganese, which are known to be 
necessary for the nutrition of at least some marine organisms, and into the 
remainder, which might be referred to as trace elements. It is apparent that 
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elements may be moved from the trace element class into the micronutrient class 
with increased information regarding the nutritional requirements of marine 
organisms. It might be possible to add arsenic, iodine, and cobalt (as vitamin 
B,,) to the list of micronutrients on the basis of current information. Although 
some major constituents are also nutrients, the fraction of their total amount 
which is incorporated into the organic cycle in the sea is negligible, not appre- 
ciably affecting the constancy of their ratios to each other, and their concentra- 
tions never fall so low as to limit the further growth of plants or animals. The 
nutrient elements and biochemical cycles will be discussed in a later section. 

It may be said, conservatively, that very little is known about the distribution 
of the nonnutrient minor elements in sea water. HABER’S (1927, 1928, JAENICKE, 
1935) many determinations of gold in sea water are probably the most extensive 
observations made on any one element, but it is now fairly well established that 
his analyses were not valid, because of the adsorption of the gold on the storage 
containers, so this body of information must be discarded, unless subsequent 
investigations should confirm his results. 

At least some of the minor constituents are of importance biologically; for 
example, it has been shown that the cobalt-containing vitamin B,, is necessary 
for the growth of some marine forms; marine organisms concentrate minor 
elements within their bodies (for examples, see BLACK and MITCHELL, 1952, and 
Wess, 1937), although in most cases it is not certain whether this is because they 
are necessary for life processes or incidental to their environment. 

Harvey (1955) lists three mechanisms by which minor elements are concen- 
trated by marine organisms: (a) by adsorption of ions at cell-water or inter- 
cellular interfaces; (b) by the combination of ions in solution into organic 
matter within plant or animal cells; and (c) the attachment of colloidal nicelles 
to the mucus of plants and animals. 

With the advent of nuclear fission, the concentration of radioactive isotopes 
by marine organisms assumes a new importance, making exact information on 
the distribution of certain of the minor elements a matter of some urgency. 

Geochemically, information on the distribution of minor elements is of 
considerable interest, and it is to geochemists that we owe much of our limited 
knowledge of the abundance of many of the elements. The classical works of 
GOLDSCHMIDT and his group are particularly important contributions. In 
matters concerning the dating of marine sediments with radioactive elements and 
their decay products, more precise information on the concentration and distri- 
bution of radium, thorium, ionium, and uranium is certainly wanting. (See, for 
example, the contradictory papers by HOLLAND and KuLp, 1954a, b, and by 
Koczy, 1956.) 

Although few details are known of the distribution of these elements, BULJAN 
(1949) has noted an inverse relationship between their abundance and their 
increasing atomic weights, in general accordance with the periodic table of the 
elements. ISHIBASHI (1953) has also noted a tendency for the amount of the 
elements in the same group in the periodic table to decrease with increasing 
atomic weight. 

An attempt has been made, in Table 3, to summarize current information on 
the quantities of the micronutrients and other minor elements. Reference is 
made to THOMPSON and ROBINSON (1932) for a discussion of older investigations, 
since many of these have been omitted from the table, as they appear to have 
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been superseded by more reliable determinations. In some cases, there are large 
discrepancies between the results of various workers. Some of these are no doubt 
due to faulty analytical methods, others to real variations in the concentration of 
the elements in different parts of the oceans. One might expect that surface 
waters could be depleted of elements in solution by biological consumption and 
by adsorption on particulate matter. Many of the analyses have been made on 
shallow and surface waters where these mechanisms might be expected to 
operate. Where possible, very brief descriptions of the analytical methods used 
are included to help in making more critical evaluations of the determinations. 

Analyses of trace elements in sea water have long been hampered by contami- 
nation from the metallic sampling devices which have been necessary for sub- 
surface sampling. Nonmetallic samplers have now been devised (THOMPSON 
and CHow, 1955; DEVEREUX, 1955) which should alleviate this problem, 
providing samples free of metallic contamination, suitable for the determination 
of trace metals. 


Isotopic Composition of Sea Water 


In recent years, new techniques have made possible the determination of the 
distribution of several of the isotopes of some of the elements found in sea water. 
Some of these isotopes are radioactive and of transient existence; these are 
useful in dating procedures. Others, such as isotopes of hydrogen, oxygen, and 
sulphur, are preferentially favoured in physicochemical and biophysical pro- 
cesses, such as evaporation, precipitation, dialysis and osmosis, and have become 
separated by the many repetitions of these processes in hydrochemical and 
biochemical cycles; isotopic ratios can therefore be used to elucidate something 
of the past history of a water sample. 

The abundance of the radioactive isotope of carbon, C™, in sea water is of 
considerable interest because of the possibility of using it to determine the time 
that a parcel of water has been isolated from exchanges with the atmosphere. 
The assumptions which have to be made so to use carbon-14 concentrations are 
complicated, and their validity cannot yet be assessed. Among other assumptions 
are that atmospheric and aqueous carbon-14 reach equilibrium at the surface of 
the sea. RAFTER (1955) has shown that surface sea waters from New Zealand 
were not in equilibrium with the C1’ of the atmosphere unless it takes several 
hundred years for the establishment of equilibrium between atmospheric CO, 
and HCO, ions in the ocean. Two other assumptions are that the contribution 
of modern carbon from the decomposition of organic matter settling from the 
surface layers to the depths is negligible or can be corrected for, and that ex- 
changes between the sea water and sedimentary carbonate are negligible. Such 
changes would give the sea water fictictiously great ages, while decomposition of 
organic carbon compounds settling from the surface waters would lead to 
unrealistically short age estimates. KuLp (1953) and his co-workers have 
published determinations of the age of sea waters from carbon-14 determination 
of surface and bottom waters which do not appear to take these possible errors 
into consideration. As yet, the data seem insufficient to be converted into ‘“‘ages” 
of sea water, but the carbon-14 dating technique is a potentially powerful tool 
for investigating the past history of water masses. 

Carbon" is a nonradioactive isotope which MurpPHY and NIgR (1941) have 
found in the ratio C“/C"* = 89-3 in sea water, marine shells and limestone. They 
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suggest that it would be of interest to determine the C"* content of CO, collected 
above the surface of the sea, since the sea is considered a regulator of the 
atmospheric carbon dioxide. 

RAKESTRAW, RupD, and DoLe (1951) found that the O1%/O"* ratio in oxygen 
dissolved in sea water varied with depth, being at a maximum at the same depth 
as the minimum concentrations of total dissolved oxygen. They postulated that 
this coincidence arises because the vertical variation in dissolved oxygen is the 
result of differing amounts of biological consumption of dissolved oxygen, and 
that the isotopes are fractionated by this same biological activity, with O1* being 
metabolized preferentially at a higher rate than O'*. 

Oxygen and hydrogen isotopes bound as water have been investigated by a 
number of workers (Table 4), who have reported excesses in the density of water 
due to the presence of H?, O18, or both. 


Table 4. Excesses in Density of Water from Various Sources due to 
H?, O18, or both 





Ad, Ad Investigator 








Polar glaciers and waters 
from E. Siberian Sea 
and Alaska . L 4: Bropskil, et al. (1939, 1940) 
Novaya Zemlya, Franz | 
Joseph, and Chukhot | | 
Seas | +24 0-0 
Kara Sea, Ob River, | | 
Greenland waters | +038 + 2:08 | BropskIl, et al. (1939, 1940) 
Pacific Ocean | + 1:00 to + 1°67 | WirTH, et al. (1935) 
Atlantic + 2: | GILFILLAN (1934) 
Atlantic GREENE & VOSKUYL (1939) 
Indian WIRTH, ef al. (1935) 
Antarctic 01, +41: WIRTH, et al. (1935) 
Bering Sea . + 1-42 | Wirth, et al. (1935) 
Baltic Sea + 0:21 to + 0-53 | Wirtu, et al. (1935) 
Red Sea + 1:36 to + 1:38 | WirtH, et al. (1935) 
Mediterranean + 1:32 to + 1:36 | Wirth, et al. (1935) 
Pacific, Yoshihama, 
Kanagawa Pref. + 5-9 | Oana (1953) 
Pacific, Ajiro, Shizuoka | | 
Pref. | +32 | Oana (1953) 
Pacific, 25° 00’ N, | 
143° 40’E +4 
Japan Sea, Hamada, | | 
Shimane Pref. | | + 3-3 | Oana (1953) 


Bropskii, et al. (1939, 1940) 


| 
| 
| 
| 


4:3 | Oana (1953) 





Ad values are excesses in density, in parts per million, due to the heavy isotopes. Ad, and 
Ad, are the same, due to H? and O"* respectively. 


BRODSKIi et al., conclude that the isotopic composition of sea water cannot be 
explained simply by differences in the rates of evaporation of the isotopes; 
clearly the origin of the water masses is also an important part of the history of 
the isotope ratios. BAERTSCHI (1950) found that Hawaiian sea water contained 
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about 0:7 per cent less O* than the silicates in granite, basalt, lava, and sand- 
stone. He assumes this effect to arise from the exchange equilibria between the 
total oxygen content of sedimentary silicates and the oxygen of the hydrosphere. 
The difference might equally well be explained on the basis of differences in 
isotopic separations brought about by different biogenic histories, which would 
be consistent with the postulate of RAKESTRAW, RUDD, and DOLE that O'* is 
metabolized more rapidly than O1*. 

It. has been found that the partition between O!* and O!* in the reaction 
4(CO,1*)= + H,O#8 = 4(CO,1*)= + H,O"* is a function of the temperature, and 
that AK/AT = 0-0002 (EpsTEIN, 1953). Using this relationship, various investi- 
gators have attempted to establish a geological thermometer, by determining the 
ratio of oxygen isotopes found in shellfish carbonate, and from that computing 
the temperature of the water in which the animal lived when forming its shell. 

Deuterium is a stable isotope of hydrogen which is subjected to biological 
activity. SWARTOUT and DOLE (1939) found that the protium to deuterium ratio 
(H/D or H#/H?) in Atlantic Ocean water was 6880. FRIEDMAN (1953) found that 
the ratio in waters from the Atlantic, Pacific and Indian Oceans varied between 
6536 and 6410, compared with a range of from 7519 to 6493 for fresh waters of 
the United States. FRIEDMAN reports that his methods of analyses are accurate 
to better than one part of deuterium in 6700 parts hydrogen, i.e. 1-000 + 0-0005 
parts D in 6700 parts H. According to him, the surface waters of the oceans have 
widely different isotopic compositions, and equatorial waters are “heavy”’, 
owing to their preferential loss of light hydrogen during evaporation. REDFIELD 
and FRIEDMAN are currently carrying on extensive investigations of the deuterium 
content of the oceans; their results are as yet unpublished, but a generally good 
direct correlation is found between the salinity and the deuterium content 
(REDFIELD, personal communication). 

Tritium is a radioactive isotope of hydrogen of mass 3, a product of cosmic 
ray collisions in the atmosphere of 12:5 years half life and 18 years average life. 
It has been made the subject of extensive studies by Lippy and his co-workers 
which have been reviewed by Lipsy (1955). Sea water samples contained between 
0-19 + 0-05 and 1-6 + 0-1 tritium atoms per 10'* hydrogen atoms. The coastal 
samples were higher in tritium presumably because of run-off of recent (in terms 
of the half-life of tritium) rainfall. The concentrations in the open ocean led 
Lippy to conclude that the amounts of tritium observed corresponded to com- 
plete mixing to a depth of about 100 metres. It is evident from other oceano- 
graphic results that there is a surface layer of the ocean in which vertical mixing 
takes place freely, but that mixing of this layer and the deeper layers is markedly 
hindered by density stratification. The depth of this layer depends on the stability 
of the water column, i.e. the change in the density of the water column with 
depth, and its thickness varies geographically and seasonally. Lippy’s conclu- 
sions appear to be of the right order for the area and time his samples were taken, 
and it would be interesting to see his investigations extended to include areas of 
considerable variation in the thickness of the mixed surface layer (which can be 
fairly well determined by other methods) in an attempt to assess the time that 
water has been in the layer. 

Sulphur isotopes have been made the subject of extensive studies by THODE 
and his co-workers (SZABO, TUDGE, MACNAMARA, and THODE, 1950; THODE, 
KLEEREKOPER and MCELCHERAN, 1951; MACNAMARA and THODE, 1951; THODE, 
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MACNAMARA and FLEMING, 1953, and other papers). They found that the 
S%2/S* ratio in the sulphates in sea water from the Atlantic, Pacific, and Arctic 
oceans varied between 21-70 + 0-02 and 21-80 + 0-01, averaging 21-75 + 0-02; 
this ratio is lower than that found in meteorites and in most terrestial sulphur, 
and in general is lower than that found in sulphide sulphur. It is indicated that 
S* is enriched in sulphides produced by bacterial activity, and the values found 
in sea water sulphur indicate that it has been fractionated by bacterial action in 
the biological sulphur cycle. From the isotopic ratios in samples of known 
geologic chronology, THODE, MACNAMARA and FLEMING conclude that life of 
the sort involved in sulphur metabolism probably originated 700-800 x 10° 
years ago. 

TRAFIMOV (1949) found a ratio of S**/S* of 21-74 for sea water, slightly lower 
than the average value 21-88 he found in terrestrial objects. He also reports 
finding the S**/S* ratio to be 123-4 in sea waters. 


DISSOLVED ATMOSPHERIC GASES: CONSERVATIVE PROPERTIES 


All the atmospheric gases are found in solution in sea water. At the interface 
between ocean and atmosphere, the laws of gas solubility determine the amounts 
of these gases which pass into solution. In solution, the fate of the dissolved 
gases depends on the circulation and mixing of the water containing them, and 
on chemical and biochemical reactions into which they may enter. Oxygen and 
carbon dioxide concentrations are altered within the water mass by biological 
action, and are said to be nonconservative. On the other hand, the other gases 
may be said to be conservative. Although nitrogen may be produced in situ by 
nitrogen-fixing bacteria, and is probably produced in anaerobic parts of the 
ocean, these are special cases which appear to have little effect on its general 
distribution. 

The roles which dissolved oxygen and carbon dioxide play in biochemical 
cycles will be discussed in a later section. 


Solubility of Atmospheric Gases 

The solubilities of oxygen, nitrogen, carbon dioxide, argon, and helium-neon in 
sea water at various temperatures and chlorinities have been determined 
empirically by several workers. Recent new determinations of the solubility of 
oxygen reported by TRUESDALE, DOWNING, and LOWDEN (1955), indicate that 
the older results of Fox (1909), which have long been considered definitive, are 
too large by up to 4 per cent at the lower temperatures and by smaller amounts 
at higher temperatures. The new results are expressed by the following equation 
(TRUESDALE, et al., 1955): 


C,' = 14-161 — 0-3943T + 0-0077147* — 0-00006467* — 
S(0-0841 — 0-00256T + 0-000037477), 


in which C,’ is the solubility of oxygen in parts per million, T is the centigrade 
temperature, and S the salinity, in parts per thousand. TRUESDALE et al., suspect 
that equilibration methods used by Fox resulted in slightly supersaturated 
solution. 

The solubility of nitrogen, corrected for the amount of argon plus the other 
rare gases, was reported by RAKESTRAW and EMMEL (1938a), and the solubility 
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of helium plus neon was determined by Urry (1935). These nitrogen solubilities 
are also somewhat lower than the solubilities reported by Fox. RAKESTRAW and 
EmMMEL also determined the solubility of argon plus the other inert gases remain- 
ing after the removal of carbon dioxide, oxygen, and nitrogen. 

If one assumes (a) constant composition of the atmosphere, (b) a total atmos- 
pheric pressure of 760 mm Hg, and (c) that in the surface layers equilibrium is 
established between the fugacities of the several gases in the water and air phases, 
one can compute the amounts of the various gases in solution. If it is then 
further assumed that the heat and salt content of sea water can be altered only 
near the surface by exchanges of energy, water and salt across the sea surface, 
the gaseous content which a subsurface water sample had when it left the 
surface of the sea can also be computed from the observed salinity and tempera- 
ture. These so-called 100 per cent saturation values (O,’, N,’, etc.) are useful in 
estimating the quantity of oxygen which has been consumed (or produced) in 
subsurface waters by biological activity. 

Several recent papers bear on the validity of these assumptions. CALLENDAR 
(1938, 1940, 1949) has suggested that there has been a substantial increase in the 
carbon dioxide content of the atmosphere since the turn of the century, due to 
the burning of enormous quantities of fossil fuels. However, SLocuM (1955) has 
shown that CALLENDAR’S conclusions cannot be accepted as conclusive, rather, 
that the question is still unanswered, since there are factors other than the burn- 
ing of fuels which would alter the carbon dioxide content of the atmosphere, and 
SLOCUM’s statistical analysis of the data which he selected somewhat differently 
than CALLENDAR selected his, shows no appreciable change. A committee under 
the auspices of the Meteorological Institute of Stockholm University (Fon- 
SELIUS, KOROLEFF, and BUCH, 1955), has recently been formed to examine this 
matter, emphasizing the collection of accurate and representative data for 
assessing the carbon dioxide content of the atmosphere to-day. The effect of 
this possible change on the sea is as yet unassessed; its effect on the amount of 
the other atmospheric gases in solution at equilibrium is certainly too small to 
measure either as an indirect secular change in the dissolved oxygen or nitrogen, 
or in the carbon dioxide content, particularly in view of the limited data on the 
CO, content of the sea at the end of the nineteenth century. 

P. F. SCHOLANDER has pointed out that 20:9 per cent oxygen, used by Fox and 
commonly accepted for the composition of air, is imprecise; actually the figure 
is somewhere between 20-93 and 20-95 per cent, depending on the air mass 
sampled and the method of analysis. 

CaRRITT (1954) has suggested that variations from a total atmospheric 
pressure of 760 mm Hg may bring about measurable variations in the amounts 
of oxygen and nitrogen dissolved in sea water at equilibrium. In high latitudes, 
seasonal variations of 19 to 22 mm of Hg may occur, corresponding to variations 
in solubility of 0-34 and 0-65 ml/litre of oxygen and nitrogen, respectively, in sea 
water of 20% chlorinity at O°C. These variations can be measured within the 
accuracy of analytical methods, and in the case of nitrogen, might provide a 
means of detecting annual cycles in the formation of subsurface water masses. 

There is considerable doubt that carbon dioxide in the air and in sea water 
reaches equilibrium (see CALLENDAR, 1938, 1940, 1949, RAFTER, 1955, SLOCUM, 
1955). However, the oceans appear to be almost fully saturated with nitrogen 
and the noble gases, argon, helium, and neon (RAKESTRAW and EMMEL, 1938a, 
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1938b, RAKESTRAW, HERRICK, and Urry, 1939), and it is probable that the 
assumption of equilibrium saturation at the surface with oxygen is reasonably 
valid. It is of interest to note that the paper by RAKESTRAW, HERRICK, and 
Urry supersedes the earlier, puzzling results of Urry (1935) which indicated 
that the helium-neon concentration varied with depth as did the oxygen concen- 
tration, a dubiously tenable proposition when one considers the chemical 
inactivity of the rare gases and that the characteristic vertical distribution of 
oxygen is clearly a function of its entering into biochemical reactions. However, 
Urry’s work was shown to be in error in his paper with RAKESTRAW and HErR- 
RICK, who found that the sea water was essentially saturated with neon and 
helium at all depths, quite contrary to the situation in the case of oxygen. 


Oxygen as a Water Mass Characteristic 


Although the concentration of oxygen is subject to change by biological 
activity, RILEY (1951) indicates that in parts of the ocean, the rates of changes 
are sufficiently slow that the oxygen content may be sometimes used as a quasi- 
conservative property, characteristic of a water mass. 

Rossby (1936) used oxygen-salinity relationships to characterize Gulf Stream 
water, and more recently, IcuryvE (1954) has used oxygen concentrations to 
characterize waters in the Kuroshio region. RICHARDS and REDFIELD (1935) have 
used oxygen and its correlated density to identify and trace waters of Caribbean 
(and possibly other southern) origins in the Gulf Stream. The advantages of 
oxygen correlations is that there frequently are marked differences in the oxygen 
concentration of two water masses which have the same or similar temperature- 
salinity characteristics. 


Determination of Dissolved Oxygen 


Great dependence has been placed, in chemical oceanography, on the validity of 
the Winkler Titrimetric Method for the determination of dissolved oxygen. 
Comparisons of the titrimetric and gasometric methods have frequently been 
made in the past, and the comparable results of the two methods have recently 
been reconfirmed by WHEATLAND and SMITH (1955), using modern and reliable 
gasometric techniques. No differences greater than the errors in the methods 
were found. In regard to the reliability of Winkler determinations, replicate 
titrations of the same sample invariably give good checks in the hands of a 
reliable analyst. However, Cooper (1956) has discussed the considerable 
variability which arises, depth for depth, when one attempts to occupy replicate 
oceanographic stations. These appear to result from real variations in the 
oxygen concentration within relatively short horizontal and vertical distances. 
On the other hand, WorRTHINGTON’s (1954) analysis shows that the oxygen 
concentration in the upper layers of the western North Atlantic and at all depths 
in the Mediterranean can be contoured as if observed synoptically although 
observations taken over a span of about twenty-five years are included. 

There are certain dissatisfactions with the Winkler titrimetric method. Satis- 
factory adaptations exist for coping with small amounts of organic matter in the 
sample, but highly contaminated samples give poor results. SCHOLANDER, VAN 
Dam, CLAFF, and KANWISHER (1955) have described a microgasometric method 
of determining both oxygen and nitrogen which is unaffected by even large 
amounts of organic matter; it has the further advantage of requiring only one 
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millilitre of sample, making it useful for the analysis of body fluids, swim-bladder 
gases, etc. The method appears to have an accuracy of + | or 2 per cent. 

FoyYN (1955) has described a simple submersible dropping mercury electrode 
polarograph for the continuous recording of the dissolved oxygen content as a 
function of depth. Such an instrument should be very useful in shallower waters 
where the microstructure is of interest. 

Other improvements over the Winkler method might be sought to permit 
more rapid determinations, continuous recording, or greater sensitivity. Greater 
sensitivity is of particular concern where near-anaerobic waters are concerned; 
a new colorimetric method, useful in the 2 to 25 parts per billion concentration 
range, has been described by BUCHOFF et al. (1955), which might find some 
application in chemical oceanography. However, for most oceanographic 
purposes, the Winkler method still very successfully combines adequate 
sensitivity and accuracy, simplicity, and rugged reliability. 


Carbon Dioxide 
Carbon dioxide enters into the equilibria 
H,O + CO, = H,CO; = H+ + HCO; = 2H* + CO, , 


reacting as a weak acid with the excess base of sea water. The distribution of the 
equilibria is a function of the salinity, temperature, pressure, alkalinity and pH. 
At the pH of sea water, the bicarbonate (HCO,~) ion is the most abundant 
species. The carbon dioxide equilibria are described fully by Harvey (1955), 
who gives methods and extensive tables for calculating the components of the 
equilibria as functions of the above variables. SARUHASHI (1955) has published 
new tables for computing the amounts of H,CO,, HCO,-, and CO, when the 
pH and total carbonic acid are known. Her method is implemented by a new, 
simple microdetermination of the total carbon dioxide, based on a Conway 
diffusion method, which she has described (SARUHASHI, 1953b). These methods 
should somewhat simplify the description of the carbon dioxide system. The 
titration alkalinity of sea water is almost directly proportional to the salinity, 
but the pH and total carbon dioxide vary considerably; the total carbon dioxide 
content is altered by photosynthesis and respiration, in the opposite sense to the 
variation in dissolved oxygen. 

The determination of the variables fixing the equilibrium distribution of the 
components of the carbon dioxide system is somewhat more difficult and 
frequently less precise than one might desire. Improvements in the determina- 
tion of pH and alkalinity have resulted from the introduction of the glass 
electrode pH meter, and ANDERSON and ROBINSON (1946) have discussed the 
practical details of the method and factors which affect the accuracy of the 
determination. 


BIOCHEMICAL RELATIONSHIPS IN THE OCEAN 


Protoplasm is formed in the ocean by photosynthesis, from the chemicals found 
in sea water, sunlight supplying the required energy. Carbon dioxide, water and 
a variety of inorganic nutrient materials are thus taken up from the water, 
oxygen is liberated, and organic matter is formed. Ultimately, most of these 
organic compounds decompose, with the consumption of oxygen and the release 
of carbon dioxide and the nutrient elements to the water. Some small percentage 
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of organic matter is lost, part temporarily, part permanently, by deposition in 
the sediment on the ocean floor, another small part is removed by man and 
animals as fish and vegetable products useful to their economy. These processes 
are cyclic in time and space; nutrient cycles, the food chain and the cycles of 
organic matter, carbon dioxide, and oxygen are aspects of them. All are inter- 
related; all are more or less at the mercy of the horizontal and vertical circulation 
of the waters. 

If one imagines an initial state of the sea in which inorganic compounds of 
nitrogen and phosphorous are present in uniform concentration, and then 
introduces typical marine communities, the growth of photosynthetic organisms 
will proceed in the photic zone, with the consumption of the inorganic nutrients. 
These processes start a sequence of events in which the organic matter originally 
produced by the plants becomes food for herbivores, the herbivores are eaten by 
carnivores, which are in turn preyed upon by other carnivores through a varying 
number of steps until the largest animals emerge. Any of the steps may be short- 
circuited, but all along the chain there is a recycling of inorganic and organic 
excrement and remains, which, if particulate, tend to rain downward until they 
eventually reach the bottom where they may become incorporated into the 
sediment. The sequence of events is everywhere accompanied by the metabolism 
of bacteria, which are instrumental in the breakdown of both particulate and 
soluble organic matter; soluble inorganic materials formed along the chain are 
returned to the photic zone, and these inorganic nutrients can again enter the 
cycle. Even those deposited as sediment on the ocean floor can be released to 
the water again; this aspect of the regeneration of nutrients has recently been 
studied in some marine basins off the California coast by RITTENBERG, EMERY, 
and Orr (1955). They report that (a) nitrogeneous organic matter is partially 
regenerated as ammonia, and subsequently oxidized to nitrate, a process which 
apparently proceeds throughout the water column, (b) phosphate is regenerated 
most intensively in anaerobic sediment, (c) net phosphate deposition occurs in 
aerobic sediments of low pH, and (d) dissolved silicate increases with depth in the 
sediments. 

Photosynthetic and respiratory cycles are functions of the chemical and 
energetic environments. Photosynthesis can proceed only when both nutrient 
salts and light energy from the sun are available, and respiration depends on 
energy chemically bound in the photic zone. In this zone, the availability of . 
phosphate and/or nitrogen compounds will most frequently limit photosyn- 
thesis. These nutrients are present in such small concentrations that they may 
be completely consumed, preventing further growth until fresh supplies are 
brought to hand, either by recycling or by the arrival of new supplies of nutrient 
rich sea water into the photic zone. Recycling of nutrients and the advection of 
nutrient rich waters are both difficult to estimate quantitatively. 

In the sea, processes of consumption and regeneration are separated in time 
and in horizontal and vertical space. Dead organisms and organic particulate 
matter tend to sink, regeneration accompanying the sinking. The return of 
inorganic nutrients, thus released in the deeper layers of the ocean, to the upper 
photic layers, where they can re-enter the cycle, and the replenishment of oxygen 
to the deeper layers depend on vertical water movements. 

Vertical water movements may dominate the circulation, returning regenerated 
nutrients to the surface layers close to where they sank as particulate matter. 
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This type of circulation may prevail in more or less confined bodies of water 
where exchanges in and out of the area are secondary, and was assumed to 
exist in the Gulf of Maine by REDFIELD, SMITH, and KETCHUM (1937) who studied 
the cycle of phosphorous in that area. They found a net transfer downward of 
phosphorus during the summer months, as particulate matter sank, decomposed, 
and built up concentrations of inorganic phosphate in the deep layers at the 
expense of surface waters. With the advent of winter, vertical mixing was 
brought about by increased density of the surface waters and increased winds; 
the effect was to restore phosphorus to the surface layers, ready to re-ener the 
cycle. Seasonal cycles of nutrients in English waters have also been investigated 
by HARVEY, ATKINS, COOPER, ARMSTRONG, and others (HARVEY, 1955). 

On the other hand, nutrients may sink in their organic forms in regions remote 
from the areas where they return to the surface layers. This return to the surface 
occurs most actively in areas of upwelling, predominantly along the west coasts 
of continents. In these regions, prevailing offshore winds remove the surface 
water, and water from deeper layers rise to replace them. Such locations are 
rich in plant and animal life, in consequence of the continuing good supply of 
inorganic nutrients. 

It has been shown by REDFIELD (1934) that in the open ocean the fixation and 
regeneration of carbon dioxide, oxygen, nitrogen and phosphorus compounds 
take place in statistically definite and fixed ratios one to the other. The same 
ratios were shown to relate the amounts of these elements in inorganic solution 
in sea water and combined in the bodies of plankton organisms (REDFIELD, 1938, 
FLEMING, 1940). RICHARDS and VACCARO (1956) have shown that in two 
anaerobic environments, the Cariaco Trench and the upper layers of the Black 
Sea, the release of phosphorus accompanies oxygen consumption in the same 
ratio that it does in aerobic waters, but in addition to dissolved gaseous oxygen, 
oxygen atoms combined in the sulphate ion are reduced, with the formation of 
sulphides. In the deeper parts of the Black Sea there is less phosphate than 
would be predicted from the combined amount of oxygen and sulphate con- 
sumed, but it is probable that this deficit of phosphate is the result of direct 
anaerobic fixation of phosphate by bacteria. A deficit from the predicted 
quantity of inorganic nitrogen compounds was observed in the Cariaco Trench. 
However, only the ammonia fraction was determined in the anaerobic layers, 
and although nitrite and nitrate were absent, it is probable that the balance of 
the nitrogen is present as dissolved, free, molecular Nz, which was not measured, 
and is probably present in too small quantities to be observed in the presence of 
the nitrogen dissolved from the atmosphere. 

Thus, statistically, the populations of the oceans have, in general, a fixed 
composition, which is reflected both synthetically, in the composition of plankton 
organisms, and analytically in the composition of sea water. These ratios, 
summarized in Table 5 from RICHARDS and VACCARO (1956), represent quasi- 
stoichiometric relationships in which these elements are involved in biochemical 
changes in the sea, and are in a sense a less exact counterpart of the chemical law 
of combining proportions. Wide variations in the ratios would be expected, and 
are found, especially in inshore waters and in isolated areas. Presumably the 
uniformity in them which is found throughout the oceans reflects the general 
uniformity of the composition of sea water when in a hypothetical base state in 
which only inorganic forms of matter might be present. 
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Table 5. Ratios of Carbon, Nitrogen, and Phosphorus Bound in Organic 
Matter and of Oxygen Consumption to Phosphate and Inorganic 
Nitrogen Compounds formed upon its Decomposition, by Atoms 





Derivation Oo Cc N P Reference 





. Changes in sea water and analysis of plankton | 
organisms. Phosphate analyses corrected | 
for salt effect according to Cooper, 1938 | REDFIELD, 1934 

. Ratios in line 1, assuming two atoms of | 
oxygen consumed on oxidizing one atom of | 
carbon 210 

. Ratios in line 2, further assuming the oxida- | 
tion of nitrogen compounds requires four | 
atoms of oxygen for each atom of nitrogen | 270 GILson, 1937 

. Average composition of plankton organisms | — | FLEMING, 1940 

. Ratios in line 4, and the assumptions in lines | 
2 and 3 regarding consumption of oxygen | 
and nitrogen | 276 | 

| 
| 





. Analyses of sea water, phosphate analyses | 


corrected as in line 1 | 180 REDFIELD, 1934 


Cooper, 1938b 








. Cariaco Trench, 50 m | 235 | | 15 | 
. Cariaco Trench, 50 m to top of anzrobic layer | 235 | | 15-3 | | 
. Cariaco Trench, anzrobic layer 235* | | 24 1 | 


} | 








* Total redox reactants, AOU + 4S™, to account for oxidation by sulphate ions. 


Variations in these ratios are found which are neither local and isolated nor 
mere statistical deviations from the mean. If one computes the amount of oxygen 
consumed and observes the phosphate or nitrate concentration in a sample of 
sea water, it is found in certain parts of the ocean that the phosphate and nitrate 
concentrations are greater than would be expected from the amounts of oxygen 
consumed (REDFIELD, 1942). This arises from the fact that in the major con- 
vergences, areas in high latitudes where water sinks below the sea surface, the 
water is fully saturated with oxygen and presumably has an appreciable burden 
of organic matter, but still contains fairly large concentrations of phosphate and 
nitrate. This is in contrast to the surface layers of the Atlantic in low and middle 
latitudes which are saturated with oxygen, but in which the growth of plants and 
animals has depleted the phosphate and nitrate to very low levels. (This is not 
true of equatorial Pacific waters, which contain such high concentrations of 
phosphate that phosphate depletion does not appear to be the limiting factor in 
the growth of plants.) These residual quantities of nutrients, in excess of the 
concentrations which would be computed from the oxygen consumption, have 
been called “preformed” by REDFIELD (1942), and can be useful tracers of 
water masses. 

The cycles of phosphorus and nitrogen are of fundamental importance 
economically and practically, because they represent steps in the food chain. It 
may be said that all the organic matter in the sea, from the phytoplankton to the 
fishes and whales, is made from the sea water itself. The amount of organic 
matter which can be produced in the sea depends fundamentally on the amounts 
of nutrients present and on the circulatory processes which bring them into the 
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photic zone, where the energy of the system can be acquired. The quantities of 
nutrients in the ocean are vast, but only small fractions of them are available to 
the food chain at any one time; below 200 to 400 metres, all but a small portion 
of the phosphorus is present in the inorganic form, and remains essentially 
isolated from the food chain. The most productive areas of the oceans are those 
where the circulation constantly brings renewed supplies of the nutrients into 
the upper layers, where they can start recycling in the food chain. 

It is of interest to attempt to assess the amount of organic production taking 
place in the ocean. The methods involve evaluating the equation: 


photosynthesis in the presence of light 
CO, + H,O CH,O a O,. 
respiration 


This can be done in several ways. Older methods involve measuring the changes 
in the carbon dioxide or oxygen content of the water. Methods for the analysis 
of oxygen are simpler than those for the analysis of carbon dioxide, and so 
changes in the oxygen content have frequently been followed. In practice, 
samples of the sea water are placed in bottles, some transparent, others opaque. 
The bottles are then exposed to as nearly natural conditions as the experiment 
will permit, e.g. they are frequently suspended at various depths in the sea. After 
a passage of time the oxygen contents of both opaque and transparent bottles are 
determined. Photosynthesis and respiration can both take place in the trans- 
parent bottle, but only respiration proceeds in the opaque bottle. If one assumes 
that the rate of respiration is the same in both bottles, then the difference in the 
amount of change in the oxygen content represents the amount of photosyn- 
thesis which has taken place. The method is open to question for several reasons 
which all centre about the fact that the conditions in the captive water sample do 
not reproduce those of the natural ocean. Some controversy has arisen lately 
concerning the evaluation of the method (see STEEMANN NIELSEN, 1954; RILEY, 
1953; RYTHER and VACCARO, 1954; VAccARO and RYTHER, 1954), and STEE- 
MANN NIELSEN (1952), proposed that most of the difficulties could be circum- 
vented by measuring the carbon fixation directly, using radiocarbon-14 to trace 
the amount of photosynthetic productivity. Using this method, it soon appeared 
that in much of the ocean, particularly areas where the organic productivity was 
low, the measured photosynthesis was much lower than had formerly been 
estimated by the oxygen method. This problem awaits a final solution, but it 
seems unlikely that experiments conducted in an isolated parcel of water can fully 
represent the dynamic system of the seas, although they may be able to give an 
approximation of the productive potential of a parcel of sea water and its 
contained plankton. 

Other methods have been employed to estimate the organic productivity of 
the sea. One is based on relationships between the amounts of carbon, oxygen, 
nitrogen, and phosphorus involved in the growth and decomposition of marine 
organisms. REDFIELD, SMITH, and KETCHUM (1937) measured the changes in the 
inorganic phosphate content of the Gulf of Maine and from them computed the 
amount of organic production represented by the seasonal decrease in the phos- 
phate content. Opum and OpuM (1955) have measured the increase in oxygen 
concentration as water passed over a coral reef, and computed the amount of 
organic production from it. Cooper (1933) estimated the productivity in the 
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English Channel by measuring changes in the oxygen, carbon dioxide, phosphate, 
nitrate, and silica contents of the water. A balance could not be struck between 
the amount of silica consumed and other estimates of the productivity, and it 
was proposed that the silica was recycled several times. ATKINS (1945) proposed 
that the surplus production was to be found in the standing crop of autotrophic 
flagellates, because laboratory observations indicated that silica from diatom 
tests was redissolved too slowly to permit its rapid regeneration and recycling. 
More recent observations are in disagreement with this conclusion, and the 
amount of regeneration and recycling of silica in the upper layers has not been 
accurately estimated (Cooper, 1952). The extensive diatomaceous oozes on the 
ocean floor make it clear, however, that quantities of silica are removed from the 
ocean by the sinking of diatoms. SvERDRUP and FLEMING (1941) estimated 
theamount of organic productivity off the coast of southern California by observ- 
ing the production of oxygen in the upper layers. It should be pointed out that 
in this method, it is difficult to eliminate the effects of the exchange of oxygen 
across the sea surface. These latter methods are free of experimental artifacts, 
but they involve estimates of the effects of a large number of other variables, none 


of which can be very precise. 


Organic Matter in the Oceans: Quantitative and Qualitative Aspects 


The organic matter in the sea may be divided among living and dead particu- 
late matter and soluble organic compounds. Supposedly a whole spectrum of 
intermediate colloids exists. Fox et al. (1952), have described the recovery, 
measurement and distribution of marine leptopel, a term used to include all 
forms of particulate organic and inorganic matter suspended in the water. 

Very few direct analyses of the dissolved organic carbon in sea water have 
been made. These have been reviewed recently in a paper by PLUNKETT and 
RAKESTRAW (1955), who report new analyses from three stations off Lower and 
Southern California and two from the northwest Pacific. They used methods 
described by KROGH (1934), who found little variation in the dissolved organic 
carbon, 2:36 mg/litre, in six samples from one Atlantic station. PLUNKETT and 
RAKESTRAW, however, found that at the three stations off California, organic 
carbon content varied between 2 and 3 mg/litre. Usually the smaller concentra- 
tions were found at intermediate depths. At the northwest Pacific stations, the 
concentrations ranged from 0-59 to 2:72 mg/litre, and the zone of lower carbon 
concentrations seemed to lie somewhat above the steep oxygen gradient. 

Fox, Isaacs, and CoRCORAN (1952) found widely variable amounts of organic 
carbon in marine leptopel; surface and near-surface water was found in and 
near slicks which contained from 4:16 to 19-64 mg organic carbon per litre; 
water taken from various ocean depths off San Diego (100 to 600 metres) con- 
tained from 0:14 to 0-47 mg/litre of organic carbon; they report a limited 
number of data which indicate that the organic carbon in leptopel may vary over 
much greater ranges than dissolved organic carbon. These data also include 
three analyses of organic (KJELDAHL) nitrogen in samples of leptopel from a 
slick area, which contained 0-71, 0-45, and 0-63 mg/litre of nitrogen. In a later 
paper, Fox, OPPENHEIMER, and KITTREDGE (1953) showed that the leptopel 
content of two random samples exhibited a threefold variation, and the organic 
content of the leptopel showed more than a twofold difference. 

Older analyses by ROBINSON and WIRTH (1934a, 1934b) of the organic nitrogen 
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concentration in Puget Sound waters indicated that the amounts varied widely 
up to 0-32 mgN/litre, with the higher values generally in the upper layers. The 
organic nirtogen content of Pacific waters at one station off Vancouver Island 
was found to vary little (0-07 to 0-09 mgN/litre) between the surface and 2000 
metres. However, at another station 200 miles offshore, the values varied 
between 0:05 and 0-12. 

Analyses of both organic carbon and nitrogen in waters from the Greenland, 
White, Azov, Black, and Caspian Seas have been reported by DaTzKo (1939). 
Concentrations of 5-2 to 5-9 mgC/litre and 0-48 to 0:50 mgN/litre were found in 
the Caspian Sea, 2:0 to 2.6 mgC/litre and 0-21 to 0-32 mgN/litre in the Greenland 
and White Sea. The C/N ratio was a little over 11 in the Caspian Sea, and 8-3 
and 9-5 in the White and Greenland Seas, respectively. These ratios include both 
particulate and dissolved organic nitrogen but only dissolved organic carbon. 
However, the ratios were not greatly changed by a prior precipitation with silver 
sulphate, which was used to remove particulate matter. In all but the Black Sea, 
DaTZKO found the organic matter rather uniformly distributed with depth, but 
the organic nitrogen content of the Black Sea increased with depth. In more 
recent studies, DATZKO (1951) has reported that there is a gradual increase in the 
dissolved organic matter in the Black Sea up to 2000 metres, and a gradual 
decrease in the colloidal and suspended organic matter. He suggests the pos- 
sibility that the processes of reduction of sulphates in the deep, anaerobic layers 
of the Black Sea are accompanied by the utilization of organic carbon compounds. 
DATZKO and DaTzKo (1950) have described improvements over the KROGH and 
Keys (1934) method for the determination of organic carbon in sea water. 

SKOPINZEV (1939) has reported on the “‘oxidizability” of waters in the Barents, 
Polar, and Kara Seas. The quantities were determined by reduction of perman- 
ganate in neutral medium, and are reported in terms of oxygen equivalents. 
However, the results from these far northern waters are interesting, especially in 
that the northern and eastern Barents Sea, which is ice covered much of the 
year, contained markedly less organic matter than the west and northwestern 
Barents Sea. The latter contained admixtures of Atlantic water, which had not 
been ice-covered. It should be noted that the permanganate oxidation method is 
open to criticisms; among others, all the organic compounds may not be com- 
pletely oxidized, and some may not be oxidized at all by this procedure. L6OPEz- 
BENITO (1955) has recently made a critical study of both the alkaline and acidic 
permanganate oxidation in sea water, and has concluded that it cannot be 
satisfactorily related to the quantity of organic matter present. 


Specific Organic Compounds in the Ocean 


Even less is known of the occurrence of specific organic compounds in sea water 
than is known of the gross concentration of organic carbon. Some general 
classes and a few specific compounds have been detected and determined, either 
by chemical or biological assays. 

COLLIER, Ray, and MAGNITZKY (1950), and CoLLigR, RAY, MAGNITZKY, and 
BELL (1953) have described the occurrence of organic substances in sea water 
which affected the feeding and pumping of oysters. Although they did not 
identify the material, they showed that it passed through bacteriological filters 
and was not thrown down by the ordinary centrifuge. They referred to it as 
carbohydrate, and measured it photometrically with an N-ethyl-carbozole 
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reagent which can be used for the quantitative estimation of small amounts of 
carbohydrates. The material, reported as equivalents of arabinose (which was 
used to standardize the photometric determination), was found in widely varying 
quantities (2 to 25 mg/litre). 

WANGERSKY (1952) reports concentrating the material described by COLLIER 
et al., and separating from it two fractions, one of which gave some indications 
of being a rhamnoside, while the other was tentatively identified as dehydro- 
ascorbic acid. 

Since the papers of COLLIER et al., and WANGERSKY, other workers, using their 
techniques, have met with varying degrees of success in determining this “‘carbo- 
hydrate”’ component in sea water. It is apparently absent (or present in very 
low concentration) in offshore waters, and is most woreed found associated with 
relatively dense plankton populations. 

Droop (1955) has reported on the use of the marine organism Monochrysis 
lutheri in a bioassay for vitamin Bj. He reports that all assays of surface water 
taken on incoming tides at Millport, Scotland, between February and March 
1954, gave results of between 5 and 10 mug of vitamin B,, per litre. LEWIN 
(1954) deduced, from the growth of a marine Stichococcus species, that the sea 
water of the Northwest Arm (Halifax, Nova Scotia) contained on the order of 
10 mug of free, soluble vitamin B,, in the winter of 1952-53, and that this may 
be higher than would be found in water from the open sea. PROVASOLI and 
PINTNER (1953) had earlier reported 20 to 30 mug of vitamin B,, in freshly 
collected sea water. 

There has been considerable evidence in recent years to indicate that organic 
compounds in the sea, originating from the metabolism of marine organisms, 
may act either as growth promoters or inhibitors. The evidence has recently 
been reviewed by JOHNSTON (1955); it is largely based on observations that 
marine organisms may or may not grow in sea waters which are indistinguishable 
by their gross chemistry, including the concentration of nutrient elements. In a 
few cases, the effects have been more specifically demonstrated, such as in the 
work of COLLIER ef al. (1950), discussed above, and by the work of PROVASOLI, 
HUTNER, and others (PROVASOLI and PINTER, 1953; HAMILTON, HUTNER, and 
PROVASOLI, 1952), who demonstrated the requirement of thiamin and cobalamine 
(vitamin B,,) in culture media, and the sensitivity of organisms to certain meta- 
bolites. JOHNSTON (1955) has reported on the effects on growth of a group of 
organic fractions separated from material adsorbed from sea water by activated 
carbon. JOHNSTON’s work does not include the specific identification of any 
compounds, but is an indication of a line of research likely to yield results of 
importance to marine biology perhaps more quickly than would rigorous 
qualitative organic analyses. 


Oxygen Consumption in the Ocean 


One of the fundamental problems in chemical oceanography involves assessing 
the rates at which oxygen is consumed in the ocean; knowledge of these rates 
would be of value in estimating rates of circulation, overturn and replacement 
of ocean waters and other biochemical processes. To date, estimates of the time 
which subsurface waters have been out of contact with the surface vary widely, 
and there are no direct measurements on which to base estimates of the rates of 
deep-water circulation. Estimates based on considerations of the oxygen content 
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of the ocean have been made by SEIWELL (1934), SVERDRUP and FLEMING (1941), 
RILEY (1951), and others, but there is considerable lack of agreement among 
them. Although KuLp and his co-workers (KULP, 1953) have published a few 
analyses of the radioactive carbon content of sea water, these do not offer 
convincing evidence of the “‘age’’ of the water masses sampled. 

Another approach has been made by WorRTHINGTON (1954), who has observed 
that throughout the deeper water (2000 metres) of the western North Atlantic, 
there has been a general decrease in the concentration of dissolved oxygen. He 
suggests that these waters are not in a steady state; i.e. a gradual overall change 
is taking place in the oxygen content of this part of the ocean, and that the water 
itself is not being replaced at the same rate that its oxygen content is being 
consumed. His observations of the rate at which oxygen appears to be dis- 
appearing lead him to believe that the deep water of the western North Atlantic 
was formed around the beginning of the eighteenth century. He points out that 
this was a period of extreme cold, and postulates that at that time surface water 
in high latitudes became denser than at any time since; that this water sank into 
the depths of the ocean, flowed southward, and has not been renewed. 

WoORTHINGTON’S (1954, 1955) postulates concerning the “age” of the North 
Atlantic and Caribbean deep water are controversial, but the decrease in the 
oxygen content of both the deep Atlantic and deep Caribbean water in the past 
twenty to twenty-five years is well established, and is good evidence that appre- 
ciable changes do take place in the chemistry of deep ocean waters; this is 
perhaps the first of such evidence and should lead eventually to a clearer 
understanding of processes of ocean circulation. 

In essentially all parts of the oceans, the oxygen content is at a minimum at an 
intermediate depth. In the Atlantic, this depth is usually between 200 and 800 
metres, and minimum concentrations of between 0-5 and 1-0 ml/litre occur at 
about 15° north and south latitudes off the African coast. A corresponding 
oxygen minimum layer exists in the Pacific, but the zone is much larger and lower 
oxygen concentrations are found in it. In a personal communication, Dr. 
Norris RAKESTRAW has stated that he has recently observed stations in the 
eastern tropical Pacific where no trace of dissolved oxygen could be detected in 
part of the water column. It is remarkable, however, that even in these waters, 
living fishes were taken, in spite of the fact that very low oxygen concentrations 
prevail through a great depth of the water column. 

The greater extremity of the oxygen deficit in the Pacific compared with the 
Atlantic can be explained in different ways. It has been proposed by some 
writers that it is the result of the greater sluggishness of the circulation of the 
Pacific, permitting a longer period of stagnation and concurrent oxygen con- 
sumption. However, the consumption of oxygen cannot proceed except in the 
presence of living or dead organic matter (ignoring the small oxygen demand of 
ferrous, manganous, and other reduced ions and of enzymatic metabolites); in 
turn, the organic matter must be formed from the sea itself, and the amount 
formed is limited by the amounts of phosphate and/or nitrate available in the 
photic depths. The Pacific is richer in phosphate and nitrate than the Atlantic, 
which gives it a greater potential for the formation of organic matter, so it may 
be that the greater consumption of oxygen there is merely the reflection of the 
greater supply of nutrients in the Pacific. 

Present evidence indicates that anaerobic conditions can arise in the ocean 
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only in regions where circulation is cut off or greatly impeded by the geomor- 
phology of the region. RICHARDS and VACCARO (1956) have described the 
Cariaco Trench, a basin in the continental shelf off the north coast of Venezuela, 
which is anaerobic from about 400 metres to the bottom at about 1400 metres. 
This trench differs from other known anaerobic parts of the ocean, which are 
generally landlocked and receive larger influxes of fresh water run-off. However, 
the Cariaco Trench is filled with typical sea water and yet has become anaerobic. 

These recent observations of the consumption of oxygen in the ocean lead one 
to ask if extensive portions of the Pacific can be expected to become contaminated 
with sulphides in the future. The evidence is that sulphides and nitrates cannot 
coexist in sea water, and that all nitrates would have to be reduced before 
sulphides could appear. Although this state of reduction has been achieved in 
the Cariaco Trench, it may be that a continuing supply of oxygen and nitrate to 
the oxygen-poor regions of the Pacific would postpone or prevent the formation 
of sulphides there; if a steady state exists, the oxygen and nitrates are being 
replaced at just the rate they are being consumed, by definition, and anaerobic 
conditions will not come about. 


Silicon 

Silicon is included as a nutrient because it is a constituent of diatoms and 
other phytoplankton organisms, in which it forms the tests, or outer coating. It 
has been shown that limiting the amount of silica available to diatoms can result 
in smaller tests containing less silica; it is not clear how long the growth of 
diatoms can continue in an environment devoid of silica but otherwise nutrition- 
ally complete. 

It was formerly reported that the lowest concentrations of silica were found at 
the surface, and that the concentrations increased with depth to the bottom. In 
many parts of the oceans this is true, particularly in the Antarctic and sub- 
Antarctic region where the distribution of silicate was investigated by the 
Discovery expeditions and reported by CLowEs (1938). The deep waters of these 
regions contain concentrations of silica around ten times as high as those ob- 
served in the deep waters of the northern Atlantic (COOPER, personal communica- 
tion). COOPER has suggested that the silica content of sea water may be useful in 
identifying the sources of certain deep water masses which are difficult to dis- 
tinguish by their salinity and temperature characteristics. 

Observations by the Discovery and by the Woods Hole Oceanographic 
Institution show clearly that there is a zone in the equatorial North Atlantic, 
between 800 and 1200 metres, in which the silicate concentrations are somewhat 
greater than those at shallower and at slightly greater depths. It is not clear 
whether this can be attributed to local regeneration of biologically fixed silicon, 
or is characteristic of a water mass lying at intermediate depths. 

Silicate is found in sea water in true solution and in colloidal and particulate 
suspensions; the forms which are included in its colorimetric estimation have 
been investigated by ARMSTRONG (1951), CooPER (1952), and CHow and 
ROBINSON (1953a). The older method of determination, due originally to 
DIENERT and WANDENBULCKE (1923) has recently been critically studied by 
FuKAI (1954b) and improved upon by ARMSTRONG (1951). In ARMSTRONG’S 
method, the yellow silicomolybic acid, which was formerly estimated colori- 
metrically, is reduced to molybdenum blue. MULLIN and RILEy (1955a) have 
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further improved on ARMSTRONG’S method, by using a different reducing agent 
which results in a simpler procedure and more stable colour. Both have the 
advantage of employing a soluble silicate for an internal standard, in contrast to 
the artificial colour standards which were formerly used. MULLIN and RILEY 
(1955b) have also discussed the storage of sea water samples for subsequent 
silicate analyses. 


Micronutrients 

The analytical chemistry of the micronutrients, iron, manganese, and copper, 
has recently been reviewed by BARNES (1955), and the biological importance of 
these elements has been discussed by HARVEY. Reasonably good analytical 
methods are now available for these constituents. 

Iron exists in sea water generally in colloidal suspension. Lewis and GoLp- 
BERG (1954) found little variation in the concentration of soluble iron in the 
North Pacific (around 3-4 wg/litre), but there was a wide variability in the 
“particulate” iron. They define soluble and particulate iron as those fractions 
which pass through or are retained by, respectively, a membrane filter; this 
appears to place particles greater than 5 microns in the “particulate’’ class. 
CoopPER (1948) has listed ten different forms in which iron may be encountered 
in sea water, dividing them between uniformly dispersed and aggregated or 
particulate forms. However, these forms would be very difficult to distinguish 
analytically. 


Determination of Nutrient Salts in Sea Water 


The determination of phosphorus, nitrogen, and silicon compounds, and other 
minor constituents of sea water are mainly dependent on colorimetric procedures 
which are highly sensitive and in general have been modified to account for 
interferences likely to be encountered in sea water. Several of these procedures 
have recently been reviewed by BARNES (1955) and by Harvey (1955). HARVEY 
has confined his review mainly to procedures employed at the Marine Biological 
Association laboratory at Plymouth, England. 

Most of the minor constituents of sea water change rapidly upon removal 
from the sea and during storage, because of biological activity and adsorption 
on particulate matter and on the container. So the chemical oceanographer is 
faced with completing his analyses aboard ship as soon as possible after taking 
the water from the sea. Several methods have been proposed for properly 
preserving sea water samples for subsequent analysis, by the addition of chemical 
poisons or by freezing, but the methods present problems of uncertainty as to 
arresting biological activity, of adsorption, and of storing the accumulated 
samples. COLLIER and MaRVIN (1953) have described freezing techniques, and 
MULLIN and RILEY (1955b) have described the storage of silicate samples 
poisoned with mercuric chloride. 

Modern developments in colorimetry have included photoelectric comparisons 
of colour intensities aimed at removing subjective errors in colour matching. 
Most standard photoelectric colorimeters and filter photometers are unsuited 
for use at sea because they are sensitive to ship motions, but satisfactory instru- 
ments have now been developed specifically for use at sea. These include the 
photometer invented by HARVEY (1948), the instrument known as the ASOP, 
described by SNODGRASS, CARRITT, and WOOSTER (1954), the photometer (known 





116 FRANCIS A. RICHARDS 


as the EEP—electric eye photometer) described by Forp (1950), and that 
reported by Cox (1954b). In the ASOP, colour imbalances are self-corrected by 
a servomotor-driven mechanism which indicates a measure of the optical density 
when the instrument is in photoelectric balance. In the EEP, the light trans- 
mitted by the sample is balanced by manually manipulating a logarithmic slit 
over a reference light source; the point of balance is indicated by a magic-eye 
electron-ray indicator tube, and the amount of the slit exposed is read either from 
a counter wheel or a micrometer screw. These instruments materially improve 
the accuracy of colorimetric determinations at sea by making colour comparisons 
objective and more easily standardized. 


Phosphorus Compounds 


The partition of phosphorus compounds among those in solution as inorganic 
ions (generally considered orthophosphates), those in solution as organic matter, 
and those present in particulate matter is of importance because of the role of 
phosphorus as a nutrient necessary for the growth of plants and animals. 
Inorganic phosphate is generally determined by the classical phosphomolybdate 
blue method of DENIGES (1920). Adaptations of the method for oceanographic 
use have been described in critical studies and reviews by ATKINS (1923), 
SEIWELL (1935), WATTENBERG (1937), ROBINSON and THOMPSON (1948a), FUKAI 
(1954a), HARVEY (1955), BARNES (1955), and others. In the past, uncertainties in 
the results have arisen because of the so-called salt-effect error, which comes 
about because the amount of colour developed by equal concentrations of 
phosphate differs in sea water and in distilled water in which standards have been 
made up. COOPER (1938a, b) has studied this problem, and reported various 
correction factors. This error is to-day largely overcome by (a) making up 
standards in sodium chloride or phosphate-free sea water, and (b) using photo- 
electric filter colorimeters. ROBINSON (1941) has described a method for 
preparing phosphate-free sea water, in which plankton organisms are permitted 
to assimilate practically all the inorganic phosphate and are then filtered off. 
SAEKI (1952) reports that a diminution of colour, similar to the salt effect, is 
brought about by nitrite. However, nitrite is almost always present in sea 
water in very low concentrations, and this interference may not be generally 
important. 

Increased precision in the phosphate method can be achieved by employing 
strictly prepared reagents and precision methods for their addition. Such 
refinements have been described by WoosTER and RAKESTRAW (1951). 

In surface and tropical waters, the inorganic phosphate is usually so low that 
the above methods are insufficiently sensitive. Improvements in the sensitivity 
have been reported by GREENFIELD and KALBER (1955), who use an ascorbic acid 
reducing agent, and report the method sensitive to 0-016 ug atoms of phosphorus 
per litre. PRocTor and Hoop (1954) extract the blue compound with isobutanol 
and claim an increase by an order of magnitude in the sensitivity. 

“Organic” phosphate is determined as the difference between the total phos- 
phorus and the inorganic phosphate. Methods for determining total phosphate 
have been described by HARVEY (1948), REDFIELD, SMITH, and KETCHUM (1937), 
and HANSEN and RoBINSON (1953). The latter two methods employ oxidation, 
using hydrogen peroxide and perchloric acid, respectively. Organic compounds 
are decomposed by high pressure, high-temperature acid hydrolysis in HARVEY’S 
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method. This method and that of REDFIELD et al., give comparable results, but 
the blanks are somewhat smaller in the Harvey method; HANSEN and RoBIN- 
SON’S method is reported to give somewhat higher results and smaller blanks 
than does the method of REDFIELD et al. 

The amount of phosphorus in particulate matter can be determined by 
filtering off the particulate matter and determining it separately. A peroxide 
oxidation method has been described by REDFIELD et al. (1937), a perchloric acid 
method by HANSEN and ROBINSON (1953). Unfortunately, the required manipu- 
lations of the samples lead to their contamination, and, since very small absolute 
quantities of phosphate are usually involved, the errors may be relatively large 
(KETCHUM, private communication). 

Some ambiguity arises in referring to particulate phosphorus, because a 
distinction should be made between that phosphorus which is sorbed* in and on 
particulate matter and that which is a more nearly integral component of the 
particles. Sorption reactions between inorganic ions and particles have been 
studied by CarRITT and GoopGaL (1954). Important quantities of phosphate 
(and other ions) may thus be associated with particulate matter; under changing 
conditions of temperature, salinity, pH, the environmental concentration of the 
ion, etc., materials may be thus bound or released, and possibly the particulate 
matter constitutes important reservoirs of nutrient materials. 

The relative significance of total and inorganic phosphorus analyses from the 
Atlantic has been studied by KETCHUM, CorWIN, and KEEN (1955), who conclude 
that the cumulative errors in the methods are such that unless the derived 
amount of organic phosphorus is greater than 10 per cent of the measured 
inorganic phosphate, it cannot be considered to represent a significant deter- 
mination. In the southern North Atlantic, they found no amounts of organic 
phosphorus which could be considered significant at depths greater than about 
1000 metres. 

HarVeyY’s determination of total phosphorus is a laboratory method requiring 
an autoclave, and samples must be stored after removal from the sea until they 
can be returned to the laboratory and analysed. Phosphorus compounds are 
strongly adsorbed on glass containers, and must be recovered for analysis. At 
the Woods Hole Oceanographic Institution, the sample bottles are thoroughly 
scrubbed with dilute hydrochloric acid before filling, and again prior to removing 
the sample for analysis. HARVEY (1948) adds a quantity of thorium carbonate, 
which presents a large surface on which the phosphorus compounds are adsorbed 
to the exclusion of the glass. The carbonate is dissolved at the time of the analy- 
sis, which is then carried out on the resulting solution. 

Difficulties in the analysis of the various compounds in which nitrogen is 
found in the ocean have interposed obstacles before the study of the nitrogen 
cycle in the sea. Nitrogen occurs not only in particulate and soluble organic 
compounds, but it is released from these to the water as ammonia; it is there 
subjected to bacterial nitrification processes which yield nitrite and nitrate; in 
some instances, where anaerobic water or sediments are involved, free gaseous 


* CarriTT and GoopGaL (1954) use the term sorption to denote any reaction between a 
solid and a dissolved substance, whereas adsorption results in an accumulation on the solid 
surface of some environmental constituent at a greater concentration than exists at a distance 
from the surface, and in absorption solids take up a portion of the solution much as a sponge 
takes up water. 





118 FRANCIS A. RICHARDS 


nitrogen may be formed (Kriss, 1949; RITTENBERG, EMERY, and Orr, 1955; 
RICHARDS and VACCARO, 1956). 

The satisfactory determination of nitrite ions is readily accomplished by 
diazotization and the formation of a diazo dye in proportion to the amount of 
nitrite. Recent studies of this method, and suggested improvements in respect to 
the compounds coupled in the diazotizatton reaction have been made by 
ROBINSON and THOMPSON (1948b), BARNES and FOLKARD (1951), BENDSCHNEIDER 
and ROBINSON (1952) and BARNES (1954b). 

The determination of nitrate has caused considerable difficulty in the past, in 
spite of the fact that it is generally the most abundant nitrogen compound in the 
sea. Until recently, the most satisfactory reagents have been strychnidine, which 
is formed when strychnine is reduced either electrolytically or with nascent 
hydrogen (HARVEY, 1926, ZWICKER and ROBINSON, 1944, ROCHFORD, 1947, and 
others) and diphenylbenzidine (Atkins, 1954). MARVIN (1955) has reported a 
careful study of the optimum conditions for the determination of nitrate with 
strychnidine, coming to conclusions arrived at by WATTENBERG (1937) regarding 
the importance to the method of adding the reagent and the necessity of diluting 
the more concentrated samples. MARVIN claims satisfactory results with the 
method; good results can be achieved by highly experienced analysts, but we 
incline to agree with Harvey (1955, p. 198) who states “This method of estima- 
tion has played a useful part [in providing a general picture of the nitrate 
distribution in the ocean] and now needs to be replaced by one which is more 
precise and certain”. 

Attempts to provide a “more precise and certain” method for the determina- 
tion of nitrate have followed three lines (a) the use of other reagents to react with 
nitrate; ATKINS (1954) used diphenylbenzidine, which has some advantages over 
strychnidine, but many of the same drawbacks; (b) polarographic methods, one 
of which has been reported by CHow and ROBINSON (1953b) and (c) the reduction 
of the nitrate to nitrite and determination of the latter by the generally satisfac- 
tory diazotization method. The reduction method has been investigated by 
Foyn (1951), who used zinc for the reduction, by MULLIN and RILEy (1955c), 
and by others. MULLIN and RILEy use hydrazine sulphate reducing agent in a 
buffered solution; this method has been subjected to some investigation at the 
Woods Hole Oceanographic Institution and appears to be reproducible, 
sensitive, and suitable for shipboard use. 

A new colorimetric method for the determination of ammonia has now been 
described by RILEY (1953); it appears to be more satisfactory than the older 
titrimetric method of KroGH and Keyes (1934), which combined a vacuum 
distillation of the ammonia from the sea water, the pH of which had been care- 
fully adjusted (to avoid the decomposition of organic amino compounds under 
severely alkaline conditions), and subsequent titration of the distillate by the 
method of TEORELL. In RILEy’s method the vacuum distillation proceeds from 
a buffered solution; the colorimetric determination of the ammonia in the 
distillate is sensitive and accurate. For shipboard use, it would be advantageous 
to remove the ammonia from the sea water by some modification of the Conway 
diffusion procedure; H. ZEITLIN, of the University of Hawaii, has developed a 
diffusion cell for this purpose; it is large enough to contain an adequate sample 
of sea water, and should be convenient to use aboard ship (personal communi- 


cation). 
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Classical methods for the determination of total (Kjeldahl) and albuminoid 
nitrogen were applied to sea water by ROBINSON and WIRTH (1934a, b); KROGH 
and Keyes (1934) described a micro-method using an alkaline digestion, which 
has the advantage of not requiring the large quantities of sulphuric acid (which 
KRoGH and Keyes reported always contained ammonia as an impurity) needed 
in the Kjeldahl method. No marked improvements in these methods have come 
to the writer’s attention; a more elegant method for the determination of 
organically combined nitrogen is needed. 
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RECENT GEOPHYSICAL EXPLORATION 
OF THE OCEAN FLOOR 


By M. N. HILL 


1. INTRODUCTION 


THE methods of geophysical exploration at sea are, in principle, the same as 
those available for continental exploration. It is, however, in the practical 
details that there are considerable differences as a result of the apparatus being 
installed in a laboratory in a ship which is continually moving, and as a result of 
the remoteness of the sea bed from the surface. These differences in the practical 
arrangements all tend to complicate, and to increase the expense of, the measure- 
ments which are to be made. It is, to a large degree, for this reason that geo- 
physical exploration of the oceanic areas of the earth has lagged behind the 
investigations on land. A further explanation of the relative lack of knowledge 
of oceanic structure results from the present impossibility of exploiting the 
mineral resources which might be found in the bed of the ocean with the conse- 
quent lack of support of those organizations, national and commercial, which 
are concerned with the applied aspects of geophysical exploration. 

A further difficulty which has restricted the progress of geophysical investiga- 
tions in the oceans arises from the lack of knowledge of the topography of the 
sea bed. Soundings are widely spaced and, in the case of those which were 
obtained by less modern methods, frequently incorrect either in value or in 
position. This inadequacy of information concerning topography results in 
many features which are structurally of great interest remaining undiscovered, 
and in new exploration in any area requiring accurate topographical surveying 
as a necessary preliminary. The topography of the oceanic areas remains to a 
large extent incomplete for two reasons. First, the marine surveyors are more 
concerned with the shallow seas and their navigational hazards and secondly, the 
area to be covered in the oceans is enormous and much of it only infrequently 
traversed by ships. Information which is now becoming more generally available 
about the oceanic depths does not come from merchant vessels but largely from 
research ships, survey vessels, and cable ships. It is unfortunate that, at present, 
some nations consider that knowledge of the ocean-bed topography is important 
from the point of view of national defence and consequently do not make their 
soundings generally available. 

The first geophysical investigations of the ocean floor were made by HECKER") 
in the early years of the century. These investigations were intended to deter- 
mine the value of g in deep water areas and thus whether the relative mass 
deficiency of the water compared with the continental rocks at similar depths 
below sea level is compensated for by denser rocks below. The method consisted 
of the measurement of the height of a mercury barometer, which is dependent 
upon the gravitational attraction, and comparing it with the true atmospheric 
pressure determined from the boiling point of water. Compared with more 
modern methods the accuracy which could be obtained was low, but, as a result 
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of the great care taken, was nevertheless sufficient to demonstrate that the ocean 
basins were roughly in isostatic equilibrium. The standard deviation of a single 
measurement was estimated at about 30 milligals, whereas the gravitational 
anomaly which could be expected if the mass deficiency of the water were 
uncompensated would be several hundred milligals. 

In 1923 VENING MEINESZ made the first important cruise in his long series, in 
which measurements of gravity were obtained over all the oceans of the world. 
The apparatus which he developed for these measurements consisted of a com- 
bination of pendulums arranged so that the motion of the vessel affected all to 
the same extent and left the difference between their displacements undisturbed. 
In spite of this compensation it was still impossible to obtain satisfactory 
measurements in a surface ship, and all the measurements were made in a 
submarine. The apparatus designed by VENING MEINESZ has, without major 
modification, been used in all but some of the most recent gravity-measuring 
expeditions; this is a remarkable tribute to VENING MEINESZ. 

At about the same time as VENING MEINESZ was making his first expedition 
DUFFIELD) reported results from measurements he had made using a static 
method similar to HECKER’S, in which the height of the mercury barometer was 
compared with the atmospheric pressure as measured with an aneroid. In both 
these early expeditions the results confirmed HECKER’s conclusion that the oceans 
were in isostatic equilibrium; the magnitude of the free air anomaly in regions 
remote from the continental margins is considerably less than one tenth of what 
would be expected if the mass deficiency of the sea water were uncompensated. 

The subsequent work of VENING MEINESz) with the pendulum apparatus 
covered the period up to 1938. During this time he obtained many measure- 
ments over ocean deeps, in the neighbourhood of island arcs, on the continental 
shelves, and near many islands and other topographic features of the oceans. 
Perhaps the best known of these extensive results are those obtained around the 
East Indies; here VENING MEINESZ measured free-air anomalies which, unlike 
over the typical deep ocean, were of the order of 100 milligals. 

During the late 1930s other workers made submarine gravity measurements 
with the technique of VENING MEINESz. In particular there was the work in the 
neighbourhood of the island arc of the West Indies undertaken by EWING and 
Hess. In this work the gravitational features were found to be very similar to 
those discovered by VENING MEINESZ in the East Indies; again there were the 
large negative anomalies on the seaward side of the arc. 

During the period of the second world war no measurements were possible 
but after the war further expeditions have been carried out by EWING, BROWNE, 
and their co-workers. 

It was clear that the gravitational evidence could not alone provide any 
detailed knowledge of the general structure of the oceans such, for example, as 
was being obtained by the near earthquake studies on the continents. It was 
therefore important that other methods of exploration should be developed, and 
it is in these that there has been great progress during the last ten years. The 
most fruitful of these new methods is the seismic one, the first experiments with 
which were undertaken by Ewinc on the continental shelf of the Eastern 
American seaboard in 1936. These experiments were followed in 1938 and 1939 
by those of BULLARD and GASKELL in the English Channel. From these experi- 
ments it appeared possible that deep water structural problems could be 
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investigated and in 1946 the development of the deep water techniques began. To 
a large extent the application of these seismic methods of exploration to deep 
water structure has been done by American and English workers, and it is with 
the results of these seismic investigations that this chapter will be, to a large 
extent, concerned. 

As with oil prospecting, it has been found that the most informative geo- 
physical methods of exploration of crustal structure at sea are seismic and 
gravity measurements. On the other hand, in the solution of specific problems 
other methods must be used. For example, it had always been supposed that 
most of the heatflow through the continental surface from below resulted from 
the radioactive generation of heat in the more acidic rocks of the continental 
crust. It was apparent from petrological and geophysical observations that, at 
most, there could only be a comparatively thin layer of these supposedly more 
radioactive rocks undet the oceans; thus, supposing that the more basic rocks 
forming the crust under the ocean were similar in their radioactive content to 
those on the continents, a considerably reduced heatflow through the sea bed in 
deep water might be expected. Recently heatflow measurements have been 
possible at sea, and these have shown that there is not the expected reduction 
from continental values. These results will be discussed in more detail below. 

Prospecting with airborne and shipborne magnetometers is another method 
which is now coming into use over the oceans, but to date the results are few and 
of little assistance in the solution of the more general problems of oceanic 
structure. 

For many years it has been realized that general information concerning the 
comparative crustal structure of the oceans could be obtained from a study of 
the velocity and dispersion of surface waves from earthquakes travelling from 
the epicentre to the seismograph station on land by oceanic paths, and by com- 
paring them with those travelling by continental paths. Practical results com- 
bined with theoretical work have recently resulted in estimates being obtained of 
the sedimentary thickness and bedrock velocity in the oceans. 


2. GRAVITY MEASUREMENTS AT SEA DURING THE PERIOD 
1945-1955 


Throughout all the oceanic gravity measurements published during the period 
1945-55, the pendulum apparatus designed by VENING MEINESZ has been used. 
There have been some minor improvements of which the most important is the 
addition of two long-period pendulums. The movements of these pendulums 
enable the two components of horizontal acceleration to be obtained and there- 
fore the determination of the second-order corrections which were first shown 
to be important by BRownE in 1937.) The details of this improvement are 
described by VENING MEINESZ.“) The second improvement is the introduction 
of crystal frequency standards instead of chronometers for providing the timing 
of the pendulums; although chronometers could be rated with the necessary 
accuracy, they are less reliable than the crystal clocks at present in use. Various 
further minor improvements are described by Cooper.'® These include an 
automatic depth recorder and a stabilizer which by physical movement of the 
pendulum casing tends to maintain the motion of the third of the short-period 
Vening Meinesz pendulums which is initially at rest from developing any con- 
siderable amplitude of motion. This last improvement is not necessary if the 
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horizontal acceleration of the submarine is maintained at a low value by deep 
diving. 

The first important post-war oceanic gravity work was undertaken by BROWNE 
and Cooper.) The area of their investigations lay in the eastern North Atlantic 
between the latitudes of the north of Scotland and the coastline of Spain in the 
Bay of Biscay. Several crossings of the continental shelf in this area were made; 
these provided confirmation of the results previously obtained by VENING 
MEINESZ that the sedimentary formation of the continental shelf and slope and 
the deep ocean areas are, in general, in isostatic equilibrium. The area as a whole 
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Fig. 1. Charts of the Bouguer (/ef’) and Isostatic anomalies (milligals) obtained 

from BRowne and Cooper. The Bouguer anomalies are calculated by assuming the 

water is replaced by rock of density 2°67 gcm~*. The isostatic anomalies are calcu- 

lated for a crustal thickness of 30 km and a radius of regionality of 58 km. The 

dotted lines represent the 100 fathom contours, and the dashed lines the 1000 fathom 
contours. 


shows a mean positive anomaly which, it was concluded, could be supported by 
the static strength of the crust or by convection currents below the mantle. In 
the region of the Spanish coast in the Bay of Biscay it appears that, locally, there 
are structures where the isostatic compensation is not complete; on the Rockall 
Bank and the Porcupine Bank on the other hand it was shown that isostatic 
equilibrium nearly exists. This paper was written before the deep water seismic 
exploration produced details of oceanic structure and, as a result, the mass 
distribution profiles do not agree with those at present postulated. In part this 
discrepancy also results from the continental column being postulated as con- 
sisting of 40 km of rock of mean density 2-67 gcm-*. This density value is 
probably too low and the estimated thickness excessive; these factors tend to 
lead to considerable overestimation of the crustal thickness beneath the oceans. 
Fig. 1 shows the Bouguer anomalies of the area and the regional isostatic 
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anomalies. The former indicate the.gravity field supposing the lighter water to be 
replaced by heavier continental rocks without change in the subbottom material ; 
the large values of the anomaly obtained on this hypothesis show clearly that 
the subbottom rocks in the ocean have a different density distribution from 
those on the continents. The second of the charts shows that, on the generally 
accepted basis of isostatic equilibrium existing in the oceans, the anomalies 
are to a large extent removed. The isostatic anomalies are calculated on the 
assumption of a crustal thickness of 30 km and a radius of regionality (a measure 
of the horizontal extent of the compensation of a point mass) of 58 km. 

It was observed in this paper that the variations in the isostatic anomalies 
(+ 19 milligals) over the deep water of the Eastern Atlantic were considerably 
greater than was found over the continental margin and the continental shelf 
(+ 10 milligals). This suggested that there might be comparatively large 
variations in the depth to the basement rocks below the ocean floor with cor- 
responding changes in thickness of the sedimentary column. This suggestion 
has later been confirmed by seismic results. 

In a discussion on the Floor of the Atlantic Ocean'®) in 1953 others concerned 
with submarine gravity measurements in the deep oceans agreed that many 
of the gravity anomalies could be accounted for by this variation in the sedi- 
mentary thickness. At this same discussion results of the submarine gravity 
surveys undertaken by the United States were described briefly by J. L. WorZEL 
and reported by HILL.'®) WorzEL said that the common belief that the average 
free air anomaly for the oceans is slightly positive is incorrect, and from the 
results of 453 stations where the water depth was greater than 3000 m and less 
than 6500 m the average free air anomaly was — 3-2 milligals. 258 of the stations 
showed a negative free air anomaly and 195 were positive. These results de- 
scribed by WoRZEL have not all been published, nor have those which have been 
obtained more recently. In all, measurements have been made at more than 
2400 stations, of which the greater number are in the Pacific. The positions of 
these stations have been published by WorZEL et al. 

WorZEL and SHuRBET” have published a number of gravity sections across 
the continental margin of the eastern United States. These sections have been 
fitted to the seismic refraction-shooting results available from the area and 
indicate that the true continental boundary occurs at about the 1000-fathom 
contour, and that the continental crust thins abruptly in a horizontal distance of 
200 km to the thin oceanic crust. The seismic control on these sections on the 
continental shelf and slope is not good; there is also a shortage of seismic 
information on all other continental margins. A typical section taken from the 
work of WoRZEL and SHURBET is shown in Fig. 2. In this section the gravity 
anomalies are Free-Air for the marine observations and Bouguer anomalies for 
those obtained on land; these anomalies are strictly comparable. 

Further oceanic measurements of gravity have been made during 1955 by 
workers from the Institute of Geophysics of Los Angeles in the Eastern Pacific 
and by GIRDLER and HARRISON‘®) in the Atlantic and Indian Oceans. The 
results of the former are not yet available. 

Details of another post-war gravity survey are provided by SHURBET and 
WorzEL"”) who describe the gravity field over two seamounts in the Atlantic 
about 60 miles to the southeast of Cape Cod. These seamounts have minimum 
depths of approximately 1000 fathoms and show free-air anomalies which are 
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between 30 and 90 milligals higher than the values nearby where the water depth 
is approximately 2100 fathoms. Assuming that the seamounts can be approxi- 
mated in shape to a series of concentric cylinders of varying radius it is found that 
with a density of 2-84 g.cm-% the anomalies can be successfully explained without 
isostatic compensation; if they are compensated they would have to be composed 
of rocks considerably more dense than this postulated value. It is possible that 
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Fig. 2. Gravity anomalies and postulated structure along a section of the continental 

edge of the eastern United States obtained from WorZEL and SHURBET. At the land- 

ward end Bouguer anomalies are shown. These are strictly comparable with the 
free-air anomalies shown over the sea. 


partial compensation exists; this would be consistent with the structure deter- 
mined from other types of measurement on Pacific seamounts and coral atolls 
which, as with these Atlantic seamounts, are probably volcanic in origin. The 
measurements on atolls will be discussed in a following section together with 
the gravity measurements described by EwING and HEEZEN."*) 


3. SEISMIC PROSPECTING AT SEA 


Refraction Shooting 

Gravity observations have provided the important but restricted result of 
general isostatic equilibrium of the oceanic areas. The density distribution in 
the crustal layers of the earth cannot, however, be uniquely determined from 
observations of the acceleration of gravity, and it is not usual to be able to 
obtain any good approximation of the depths at which mass excesses or defi- 
ciencies can lie. There are some examples, such as over the deep trenches of the 
oceans, where estimates can be obtained of the maximum depth at which the 
anomalous masses must lie in order to provide the observed horizontal gradient 
in the total acceleration of gravity. In general, however, apart from showing 
that there are anomalous masses at uncertain depths no precise indication of 
structure is possible; this is particularly the case over the deep ocean areas where 
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only small horizontal gradients of gravity are usual. For this reason the areas 
which are of the greatest interest from the gravitational point of view are the 
continental margins, oceanic islands, and seamounts. Until other methods of 
investigation became available, for example, estimates of the thicknesses and 
rock types of the layers forming the ocean floor could not be accepted as 
reliable. 

The seismic refraction-shooting method was likely to provide the most useful 
information concerning the ocean-floor structure since it not only provides the 
thicknesses of the layers but also the velocity of compressional waves (and on 
occasions shear waves) in them. The velocity measurements allow, within con- 
siderable limitations, the possibility of identification of the material of the layer, 
and it is for this reason that it is more favourable than other methods of seismic 
or geophysical exploration for the determination of structure which cannot be 
directly approached. With recent improvements in methods of obtaining samples 
of the sea bed it is possible to core to a depth which can be measured in tens of 
metres; direct methods of determining structure in the deep ocean thereafter 
fail. We now know that the unconsolidated sedimentary thickness in deep water 
is measured in hundreds of metres and except in the comparatively rare areas 
where rocks outcrop, the direct sampling methods are inapplicable for the 
identification of rocks forming the oceanic crustal layers. 

The method of seismic refraction shooting relies on the bending of the paths 
of the compressional or shear waves in a region where their velocities change. 
It has long been known that at least for compressional waves, ray theory provides 
a surprisingly accurate method of determining the time and path of transmission 
of energy from an explosion to a distant point; it is to be expected that it will be 
satisfactory where the structures are dimensionally large compared with the 
wavelengths of the waves concerned. Even, however, where the wavelength is 
similar to, or larger than, the thickness, it is found that ray theory often gives 
an adequate explanation of the wave transmission. In the refraction-shooting 
method of exploration the ray paths which are largely of importance are those 
where the angle of entry of the ray from one layer to the next is equal to the 
critical angle. If 6 is the angle of incidence, then for critical angle refraction 


sin 6 = a where V, and V, are the velocities of the layers above and below the 
2 

boundary. 

Such ray paths from an explosion to a receiver are shown in Fig. 3 where it is 
assumed that the velocity in any layer is greater than that lying above it. The 
times of arrival of the waves travelling by the various paths depend upon the 
depth to the layer in which there is critical angle refraction and the velocities in 
the layers through which the waves travel from the explosion to the receiver. 
From the diagram it can be seen that the time taken on the inclined part of the 
track is independent of horizontal separation between the explosion and the 
receiver. Consequently, if the distance from the explosion to the receiver is 
increased by a distance Ax, then the increment of time required for the ray 
travelling horizontally in layer n (velocity V,,) to reach the receiver is given by 


At = Ax/V,,. 


Thus, if time is plotted against distance for a particular ray, a straight line will 
be obtained, of which the slope, At/Ax, is 1/V,. A straight line of this type will be 
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such that it has a positive intercept 7 on the time axis of value which is dependent 
upon the thicknesses and velocities of the layers overlying layer n. The relation- 
ship between this intercept and the thicknesses of the various layers is given by 


the expression 
r=n—1 dh V 2\4 
,° — 3 = (1 i 73) 


n hat 
r=1 r 


The idealized time distance diagram obtained from layering such as is shown in 
Fig. 3 is shown in Fig. 4. Each layer will provide an indication of the velocity in 
it and by using this information and that available from the layers above the 
thicknesses of all layers down to layer n can be determined. 
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Fig. 3. Idealized ray paths from an explosion to a receiver. In this diagram it is 
supposed that the material of each layer has a compressional-wave velocity higher 
than that of the material in the layer above. 
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Fig. 4. Time-distance diagram obtained from the structure shown in Fig. 3. In 

seismic refraction shooting at sea the direct sound through the water provides a 

measurement of the distance between the explosion and the receiver. These arrivals 
are therefore omitted from the time-distance diagram. 


This idealized calculation of depths and thickness is seldom obtained practic- 


ally for the following reasons: 

(a) The layering may not be parallel. 

(b) The velocity in any one layer may vary. 

(c) The velocity in a lower layer may be less than that in a layer above with 
the result that there can be no critical angle refraction since Vi,4)/V, > 1. 

(d) A layer may be such that its velocity and thickness preclude it from 
providing, at any range, the first arrivals. Since subsequent arrivals are often 
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obscured by the disturbance related to the first arrival, this difficulty means that 
a layer may escape unnoticed. 

These various characteristics of the layering which tend to complicate the 
idealized time distance diagram are mostly such that by obtaining a suitable 
number of observations their details can be determined. Where, however, the 
calculations are complicated for reason (c) it will not usually be possible to find 
the existence of this layer by the refraction shooting method, and consequently, 
the calculated depths to and thicknesses of all layers below it will be incorrect. 
Fortunately, this condition is unusual in the crustal layers of the earth; in 
general the velocity in any one layer is greater than that in the layer above. 
There are, however, known examples from shallow structures and from the 
deeper layers investigated by seismologists where this condition exists. 


Refraction-Shooting Apparatus 


The earliest seismic refraction-shooting measurements were made in shallow 
water and the explosions and receivers were placed on the sea bed. The receivers 
were identical with the geophones used in similar work ashore except that they 
had to be included in pressure-tight containers. With oceanic refraction shooting, 
where the water depth is measured in thousands rather than hundreds of metres, 
the difficulties of placing the receivers on the sea bed resulted in their being 
replaced by hydrophones suspended only a few hundred metres below the 
surface of the sea. Likewise, for practical reasons, the explosions were fired at 
comparatively shallow depths. It was not known before the war whether the 
suspension of the hydrophones and explosives in the water would be satisfactory ; 
it was possible that the amplitudes of the refracted waves or the background 
noise in the hydrophones would be such that explosions of prohibitive size 
would be required. Deep-water experiments were, however, successfully under- 
taken shortly after the end of the war. These experiments were greatly assisted 
by the wartime developments in underwater detectors. The theoretical aspects of 
underwater explosions and the propagation of sound in water were, also as a 
result of the war, more fully understood and were published in books such as 
Underwater Explosions by R. H. Cote") and Propagation of Sound in the Ocean 
by M. Ewinc and others."°) 

The obvious disadvantages of having the receivers and explosions other than 
on the sea bottom lies in the additional layer consisting of sea water, which is 
effectively added to the structure. Thus, it was apparent that no first arrivals 
could be obtained from the sedimentary layer immediately below the sea if, 
considering a three layered system, 


hyve (vs — “be ae “i oe ( :) 

hgvy | (V2 — 0) \v3" — v1? 
where h, and h, are the thicknesses of the water and sedimentary layers respec- 
tively and v,, v2, and vs are the compressional-wave velocities in the three 
layers. 

For h, = 4 km, v, = 1-5 km sec, v, = 2 km sec, vs = 6 km sec", 
h, would have to be greater than approximately 11 km for it to produce first 
arrivals. Even before the work started, this appeared considerably in excess of 
what was likely to be found. For example, KUENEN"® without the results from 
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seismic refraction shooting experiments, estimated in 1950 that the total volume 
of deep-sea sediments was between 5 and 12:5 x 10®km*. If this were evenly 
distributed over the deep-sea floor it would result in a thickness of between 
1:5 and 3-8 km. 

Although, therefore, it is at present not possible to obtain information by the 
more usual methods on the velocity structure of the sedimentary layer beneath 
the oceans, other less satisfactory methods are available. These are described by 
Hity,“7) SwaLtow,"®) Orricer,?® and Katz and Ewinc®) who have, from 
field observations, obtained results concerning the gradient of the velocity with 
depth into the sediments. Laboratory determinations of the velocity in artificially 
compacted deep-sea sediments have been made by LAUGHTON."!) 
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Fig. 5. The sono-radio buoy method of seismic refraction shooting. 


There have been two separate approaches to the techniques of refraction 
shooting in the oceans: those which have been developed by workers in the 
U.S.A., and those developed in England. In the American method two ships 
are engaged in the work; the explosions are fired by one and the ground waves 
and direct sound through the water received by the other. The ship firing the 
explosive transmits the shot instant to the recording ship by radio. Thus the 
times required for the transmission of the waves from the explosion to the 
receiver are determined; the direct wave through the water allows the accurate 
determination of the horizontal distance. With this method continuous profiling 
is possible, although only one observation is obtained from each explosion. 
With the British method, only one ship is usually engaged in the work, and this 
has throughout the development of this method been a paramount considera- 
tion. The direct sounds through the water, and the ground waves, are received 
on hydrophones hanging below sono-radio buoys which transmit the signals by 
radio back to the ship where they are recorded. The method is shown diagram- 
matically in Fig. 5. The advantages of this method are.(a) the necessity for two 
ships is eliminated, and (b) more than one set of observations are obtained from 
each shot. The latter is of advantage when there are uncertainties concerning the 
validity of certain phases on the records and also is more economical in explosive. 
With the British deep-sea work it is usual to lay four of the sono-radio buoys. 
The method has disadvantages which result in it being less satisfactory than the 








Recent Geophysical Exploration of the Ocean Floor 139 


American method if two ships can be made available for the work. These 
disadvantages are: 


(a) The satisfactory operation of the apparatus is not possible in wind 
velocities of greater than about 12 knots; 

(b) The procedure is slowed up by the necessity of recovery of the sono- 
radio buoys; 

(c) The range between the: receiving ship and the sono-radio buoys is at 
present limited by the amount of power transmitted by the radios available 
to less than 20 miles. 


The second of these disadvantages is perhaps not of importance since two 
ships each using the sono-radio buoy method could probably achieve as much 
as two ships using the American method. Nevertheless, the limitations set by 
the first and third are severe and have considerably restricted the work which has 
been possible with this method. 

The American system is described by Raitt”) and the British by Hitt.” 
In both systems the most important difficulty arises from the excessive back- 
ground. noise produced by movements of the hydrophones in the water. This 
noise is accentuated by the necessity of receiving signals which may be as low in 
frequency as 5 c/s. 

With both the American and the British system the hydrophones and explo- 
sions are at depths between approximately 50 mand 200 m. For the optimum 
signal strength of the waves refracted at the ocean bottom, RaitrT‘??) states that 
the depths of the charge should be such that the vertically reflected sound from 
the surface is in phase with the first bubble pulse from the explosion. This 
condition exists when the charge depth is C7/4, where C is the velocity of sound 
in sea water and T is the bubble period. The depth H (in metres), charge weight 
w (in kilograms) and the velocity of sound in sea water C (in m/sec) are then 
related to one another by the approximate expression 


24(H + 10-1)) = C. wi. 


The quantities of explosive depend upon the range but lie between the limits of 
about | kg for near shots to 100 kg for the most distant at ranges of more 
than 100 km. 

The charges are fired in a number of different ways. The Americans favour 
the use of slow burning fuse which is ignited just before the charge is dropped 
into the sea. The length of fuse is selected so that the charge sinks to a depth of 
approximately 60 m before detonation. The British have used depth charges set 
to fire at the appropriate depth and also electrically initiated charges suspended 
below a float streamed astern of the ship. The last method has the advantage 
that the exact instant of detonation is known, and the disadvantage that proceed- 
ings are slowed down by the necessity of stopping the ship in order to recover the 
firing cable and the float. The other two methods require that the recording 
equipment should be switched on sufficiently early to allow for the uncertain 
instant of detonation, and also so that the slant range between the ship and the 
explosion should be known with accuracy. This is necessary in order to correct 
the times on the recording for the time taken for the sound to travel from the 
explosion to the ship. This range can be determined from the speed of the ship, 
‘the time between dropping the charge and its explosion, and the depth of the 
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charge. The depth of the charge can often be determined from the difference in 
time between the arrival of the sound reflected from the sea bed (B on Fig. 6) 
and the sound reflected first from the surface of the sea and then from the sea 
bed (C on Fig. 6). A typical recording using the sono-radio buoy method is 
shown in Fig. 6. 
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Fig. 6. Foreshortened tracing from a single shot. A, arrival of sound at ship; B, 

bottom reflection; C, surface-bottom reflection; D, second bottom reflection; 

E, ground wave arrivals; F, direct sound; G, H, etc., phases which have been 

multiply reflected from the sea surface. 


Seismic Reflection Shooting 

A number of attempts at the determination of oceanic structure have been made 
with the seismic reflection-shooting method. This method, however, does not 
give an accurate measurement of the depth to the reflecting horizon unless the 
intervening velocity structure is known, or vice versa. For this reason in regions 
of unknown geological structure the method is not so powerful, when applied by 


itself, as the refraction shooting method. It has also been found that the number 
of reflecting horizons is in general larger than the number of interfaces found by 
refraction shooting; the interpretation of the reflection-shooting records where 
no other information is available is therefore very difficult. On the other hand, 
the reflection-shooting method used in conjunction with refraction shooting can 
provide useful information, and is relatively simple and cheap. The receiving 
hydrophones can be directly connected to recording instruments in the ship from 
which the charges are fired. 

Two techniques of reflection shooting have been developed. The first is that 
described by WEIBULL®) and the second that described by HERSEY and Ewina,*) 
and used by both the Americans and the British. In the former the charges are 
exploded at depths of up to 6 km whereas in the latter, charges of only about 
1 kg in weight, are fired at about 1 m below the surface with the result that the 
bubble oscillations do not occur. This suppression of the bubble oscillation 
prevents the confusion which sometimes results, for example, when a subbottom 
reflection from the initial explosion coincides in time with the bottom reflection 
from the first bubble pulse. 

The results obtained from WEIBULL’s measurements show that in the Pacific 
his estimates of the sediment thickness are not significantly different from those 
obtained by the refraction-shooting method. Some of the Atlantic results, on 
the other hand, suggest that the strong reflections obtained were not derived 
from the sediment base but from some other interface below. 

OrFicer>) has produced five reflection profiles from the Atlantic Ocean 
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between Bermuda and the mainland. These profiles each consist of a series of 
reflection records obtained from angles of incidence varying from near normal 
to near grazing and require, unlike the simpler methods, the use of two ships. 
From these records OFFICER has concluded that 


(a) There are good reflections from the interfaces located by refraction- 
shooting results. Other reflections can be explained by layers of inadequate 
thicknesses to produce refraction arrivals. 

(b) The velocity in the eee layer increases with depth according to 
the relationship V = 1:5(1 + 1-37z)* where V is the velocity in km/sec and z 
is the depth below the bottom in km. At z = 0, 
agrees with results obtained from laboratory measurements and is close to the 
value obtained by Katz and Ewine.™) It is lower than the value obtained in 
other areas. At z = 0 the velocity is less than that in sea water. The result of 
this is that there is a low-velocity channel in the upper part of the sedimentary 
layer which acts as a wave guide for single frequency arrivals. 

(c) The velocity characteristics of the sediments can be explained by 
reasonable assumptions about the porosity, permeability and density of the 
sediments, and their variation with depth. The sediments appear to be dis- 
persive in a manner suggested by the theoretical considerations of AMENT.'?® 


= 1:06 sec~. This value 


Results Obtained by Seismic Refraction Shooting 


The results obtained from deep-sea seismic refraction-shooting experiments are 
not as widely distributed as is desirable. The published results, and those in 
course of publication to which we have had access, show that in the western 
Atlantic the observations at approximately fifty different positions all lie between 
the latitudes of 15° N and 40° N; many of them are near Bermuda and for this 
reason may not be typical of the deep ocean. In the eastern Atlantic the limits in 
latitude for observations at twenty-three different positions are 45° N and 60° N, 
and in the Indian Ocean there are observations at only five different positions 
lying just south of the equator and between 80° E and 100° E. The Pacific 
Ocean is more widely covered with stations at fifty different positions ranging 
from east to west and between the latitudes of approximately 25° S to 35° N. 
The shortage of information is most marked in the Indian Ocean, the South 
Atlantic Ocean, and in all areas in high latitudes. The reason for this shortage 
of information primarily lies in the inaccessibility of these areas from Britain, or 
from the east or west coast of the United States; these are the only regions from 
which seismic refraction-shooting expeditions set out. A second reason for the 
shortage of observations in high latitudes results from the bad weather conditions 
which frequently exist there. 

Within these limited areas of the oceans in which refraction shooting results 
are available there is a uniformity of structure which is remarkable. There is no 
good evidence that there are any major differences in the general deep-sea 
structure between all areas in which experiments have been made. The layering 
is generally as follows: 

Layer 1. Unconsolidated sediments, P-wave velocity 1:5-2:5 km/sec, 
2. Consolidated sediments or volcanic rocks 4 -6 km/sec, 


3. Basic igneous rocks 64-7 km/sec, 
4. Deep basement rocks 7:9-8'4 km/sec. 
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For layers 1 and 2 the velocity limits are only approximately known for reasons 
which have been given above. For layers 3 and 4, however, the limits are those 
given by the standard deviations from a large number of observations. 

The results discussed in the following section have been obtained from refs. 13, 
17, 20, 27-37, 61, and unpublished sources, and are summarized in Table 1. Mean 
values and standard deviations (o) are shown, although particularly in the 
shallower water areas, the distribution of the stations are not such that similarity 
of structure could be expected. For example, in the depth range of 1-4 to 4 km 
many of the stations in the eastern Atlantic are in the shallow water region 
stretching from Scotland to Greenland; in the Pacific, on the other hand, the 
station positions are on the flanks of the sea mounts or on the continental slope. 
Likewise in the water depth range of 4-5 km a number of the western Atlantic 
station positions are such that the structure will, to some extent, be influenced 
by the close proximity of Bermuda. 

The rejection of these observations which might be affected by nearby 
structural features is, in itself, an arbitrary process and for this reason has not 
been attempted. The standard deviations in thicknesses and depths below sea 
level show the variation which may be expected in the various layers as a result 
of the effects of the various topographic features near which observations have 
been obtained. The only results not included in the table are those from the 


oceanic trenches. 


The Material and Thicknesses of the Layers 


Layer 1. There can be little doubt that layer 1 consists of unconsolidated 
sediments but there is no evidence to show whether throughout the thickness 
these sediments are identical with or even similar to the sediments which at 
present cover the surface of the sea bottom. The velocity measurements on 
artificially compacted sediments made by LAUGHTON suggest that it is unlikely 
that in the range of sediments from red clay to a highly calcareous ooze there 
would be sufficient differences to allow the identification of type from field 
observations of which, anyway, there are only a small number available. In 
those areas where the present sediments are to any great extent of organic origin, 
there will be changes in the sedimentary column representing alterations in the 
contemporary flora and fauna, or changes in the proportion of inorganic 
material. Even within the limited depths of sediments which are at present 
accessible by coring there are considerable variations of this sort. With more 
extensive seismic experiments designed to provide the velocity structure of the 
unconsolidated sedimentary layer it seems unlikely that it will be possible to 
determine the nature of the sediments at depths below the sea bed. This infor- 
mation must be obtained from cores of length greatly increased from the maxi- 
mum at present possible of approximately 25 m. 

In refraction shooting in the deep sea, corrections to the arrival times must be 
made for variations in water depth along the lines on which the charges are fired. 
These variations may be caused by alterations in the sedimentary layer thickness 
or in the depth to some lower discontinuity and the corrections therefore involve 
uncertain assumptions. For this reason, unless the station positions is chosen 
for the investigation of a particular topographic feature of the sea floor the area 
is selected to be as flat as possible. The result of this selection in area is that the 
measured thicknesses of the unconsolidated sedimentary layer may not be 
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representative of all neighbouring areas. In general this method of selection 
might be expected to exaggerate the average thickness of the layer since there 
will be a tendency for the bottom to be flatter in those areas with a greater thick- 
ness of sediments. In spite of the areas being selected in this nonrandom manner 
there is still a wide variation in the measured thicknesses of the unconsolidated 
sedimentary layer and the standard deviations from the mean values are there- 
fore large. 

In the calculation of the mean values twenty-three observations from the 
western Atlantic and two from the eastern Atlantic have been omitted. The 
reason for this lies in the uncertainty concerning the existence of layer 2. If in 
fact it exists but has not been observed, then the calculated thicknesses of layer 1 
are excessive. At some of the positions where its existence has not been reported 
there is evidence for it on the refraction-shooting records. Further, it has been 
reported from some of these station positions ) that second arrivals which 
are thought to represent compressional to shear wave conversion in layer 3 are 
later than would be expected on this hypothesis. SwALLOw has shown for some 
of his results that if the conversion takes place at the interface between layers 1 
and 2 then the arrivals on the records representing shear wave transmission 
along layer 3 would be late by the appropriate amount. The partial conversion 
from compressional to shear waves will be of greater extent at the interface 
between layers 1 and 2 than between layers 2 and 3 because of the greater 
contrast between the physical properties at the upper interface. Conversion 
from P waves to S waves at the sea bottom is likely to be of small extent 
on account of the low rigidity modulus of the unconsolidated sediments. ‘* 
EwInG and Press'*) do not believe, however, that this layer is universally 
present. 

The layer 2 has been found by refraction shooting at many stations near 
Bermuda and is also shown by the reflection-shooting profiles obtained by 
OFFICER’*) to extend at least 700 km into the abyssal plain lying in a north- 
westerly direction from Bermuda. It is possible that it approaches the continen- 
tal rise at the foot of the continental slope. 

OFFICER believes that this layer thins out at distance from Bermuda and that it 
consists of lavas. This thinning out of the layer is suggested since no arrivals 
have been obtained from it in the refraction-shooting experiments at the greater 
distances from Bermuda; this negative result might be attributable to some 
other cause. ‘ 

HILL and LAuGHTON®) did not report the existence of layer 2 at station 
positions in the eastern Atlantic; reassessment of the experimental results show, 
however, that in two of these six stations there is evidence from the shear waves 
of its existence and no evidence for its absence from the remainder of the 
stations. 

SWALLOw has reported strong reflections from the interface between layers 1 
and 2 which have, for some of his stations, been the only indication of the 
existence of layer 2. Similar reflections within layer 1 have been reported by 
other workers. RaITT has obtained results which allow direct determination of 
the velocity in the second layer at all except two of the thirty-four stations at 
which results are available. Some doubt, such as that expressed by EwING and 
Press,'*®) as to the universal existence of this layer must remain. 

Nevertheless, the conclusion from all results indicates that there is not good 
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evidence which is. against the existence of this layer and in numerous places 
evidence for its existence. Consequently, in calculating the mean sediment 
thicknesses it is, at present, necessary to omit those results where the calcula- 
tions assume its absence. Table 1 shows the mean thicknesses of layer 1 from 
different oceans and from different ranges of water depth. In calculating the 
thicknesses of layer 1 various different values have been used for the mean 
vertical velocity in the sediments. These range from approximately 1-7 km/sec 
for the results obtained from expeditions operating from the eastern United 
States to 2:15 km/sec for the results obtained by those working from California. 
The values adopted are, in part, taken from observations of arrivals on the 
reflection and refraction recordings and in part from laboratory experiments on 
deep sea sediments. The velocity in the top surface of the sedimentary layer is 
close to that of sound in water (1-5 km/sec) but compaction by the overburden 
results in an increase of velocity with depth. HitL"” has found that in one 
comparatively shallow water area the field results can be explained by the exis- 
tence of a constant velocity gradient of 2:5 + 0-5/sec up to a limiting value of 
2:1 m/sec; in another area he has suggested that the results can be explained by 
a gradient of 2/sec. SwALLow"®) in one area of the Pacific suggests a gradient 
of 3 + 2/sec. OFFICER"® in the Western Atlantic a surface value of 1/sec, and 
Ewinc and Katz) a value of 0-6/sec. Laboratory experiments by LAUGH- 
TON®®) show that over a low range of compaction pressures a gradient of 
at least 1-0/sec is to be expected. For higher pressures the gradient is not 
constant. 

These results indicate that the mean vertical velocity adopted should depend 
on the total thickness; assuming a thickness of 0-5 km and a gradient of 
1-5/sec the mean velocity will be approximately 2-0 km/sec. The standard 
deviations from the mean thicknesses are, however, much larger than can be 
explained by any uncertainty in the mean vertical velocity. They may be greater 
than the true standard deviations in the depth on account of the uncertainties of 
the second-layer velocities. On the other hand they may be smaller than would 
be found in all areas of the oceans because of the nonrandom sampling of areas 
in which the investigations are made. 

From the results shown in Table 1 it is apparent that there is a general reduc- 
tion in sediment thickness with increasing depth of water. This is to be expected 
because the sediments of terrigenous origin will tend to collect in the shallower 
regions on, or near the bottom of the continental slopes. Further, the dissolution 
of the calcareous remains of surface organisms increases with increasing depth 
in the sea, with the result that, for a fixed production rate of calcareous material 
in the surface waters of the oceans, the sedimentation rate at the bottom will 
decrease with increasing depth. At depths greater than about 5$km the 
increasing solubility of calcite results in the sediments containing a greatly 
reduced proportion of calcareous material. In these areas the sediments are 
largely inorganic with perhaps a considerable proportion of the siliceous 
remains produced by organisms such as diatoms and radiolaria. The composi- 
tion of sediments in shallower water areas, on the other hand, at present and in 
the geologically recent past, may be such that they are composed of more than 
90 per cent of organic calcium carbonate. The details of composition of deep 
sea sediments are shown in The Oceans. 

The variations of the thickness of layer 1 from ocean to ocean are not large, 
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but it does appear that in the Pacific the layer is slightly thinner than in the 
Atlantic; this difference may not be significant but would be expected if it can 
be attributed to differing amounts of sedimentary material of terrigenous origin. 
In general it may be supposed that the total quantity of sediment derived from 
continental sources will be roughly in proportion to the length of the continental 
margin abutting the ocean, whereas its contribution to the sedimentary thickness 
will be roughly proportional to the oceanic area. Thus in the Pacific a smaller 
proportion of the sedimentary thickness will be of terrigenous material. 

The thicknesses shown for the layer 1 in Table 1 are very much less than the 
thickness of sediment which might be expected from estimates of present and 
past sedimentation rates; KUENEN"® has estimated, as mentioned above, that 
the mean sedimentary thickness should lie between the limits of 1-5 and 3-8 km, 
whereas for those areas of the oceans in which the depth is greater than 4 km 
(the areas less than 4 km in water depth contribute only a very small proportion 
of the total oceanic area) the mean thickness of layer 1 is approximately 0-3 km. 
This large discrepancy may be explained by supposing that layer 2 in deep-water 
areas is in part or throughout its thickness composed of consolidated sedimentary 
material. 

Layer 2. No accurate measurements of the velocity in layer 2 are generally 
possible and the present limits of between 4 and 6 km/sec are such that no 
identification of the material of the layer is possible. The two possibilities, 
either that it is a layer of consolidated sediments, or that it represents extrusive 
igneous rocks, seem the most probable. It is possible that it is a combination of 
both. There is no doubt from field measurements near volcanic islands and from 
unpublished laboratory measurements made by HILL and LAUGHTON that 
basaltic lavas can have compressional-wave velocities well within the range 
attributable to layer 2. Likewise, the majority of consolidated sedimentary rocks 
will have velocities within this range. It has been shown by LAUGHTON that 
uniaxial compression of deep sea oozes between porous discs does not produce 
compressional wave velocities of greater than about 3 km/sec even with com- 
paction pressures considerably in excess of those which would exist at depths 
below sea level comparable with those of layer 2. These laboratory experiments 
do not, however, persist for the length of time or reproduce other conditions 
which would be necessary for the recrystallization and chemical cementation 
which may, in the course of geological time, alter the physical properties of the 
deep-sea sediments. As with layer 1 the uncertainty of the velocity in layer 2 is 
such that the calculated thicknesses are not reliable. As can be seen in Table 1 
there is, however, a similar trend with ocean depth and with the particular 
ocean as exists for layer 1. 

RAITT believes that there are real differences between the velocities in layer 2 
and has found particular areas of the Pacific where the values are nearer the 
upper limit of the velocity range than is usual elsewhere. GASKELL and SWALLOW 
have reported similar velocities in the Philippine Sea. 

The thicknesses of layers 1 and 2 combined are shown in Table 1 and these 
show that KUENEN’S estimates are substantiated if, in the deeper parts of the 
ocean, the material of layer 2 is in fact largely of sedimentary origin. Most 
interesting results will be obtained if, in the future, it proves possible to drill 
through layer 1 and obtain samples of the material of layer 2 in deep-water areas. 

The standard deviations of the thicknesses of layer 2 are large, particularly at 
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the shallower water depths. This is to be expected since the observations are 
obtained from a wide variety of different topographic features. 

Layer 3. There is little doubt but that layer 3 generally exists, and that there 
are no large differences in its composition in those areas of the three oceans in 
which measurements have been made. It will, in the future, be surprising if it is 
not found to exist in all deep sea areas. 

Table 1 shows the velocity measurements which have been obtained from this 
layer. 

From seventy-six observations of the velocity in this layer, the mean velocity 
is 6°71 km/sec with a standard deviation of 0-28, and, supposing the layer to be 
of the same material in all oceans, a standard error of 0-03 km/sec. This value of 
the velocity is such as might be expected for a massive basic igneous rock, and is 
in excess of values found for any acidic rocks or sedimentary rocks except for a 
limestone of low void ratio. This last possibility is not plausible on account of 
the existence of this layer in all oceans whatever the water depth. It appears 
more probable that it is similar to the “gabbroic” layer which is thought by 
GUTENBERG to lie at a depth of about 24 km below the continental surface. 

The calculated depths below sea level of the top of this layer show considerable 
variations particularly at the shallow water positions. The standard deviations 
are similar to those obtained for the thicknesses of layer 1 + layer 2. In the 
table the results obtained from those positions where layer 2 was not reported 
have been included by assuming that it exists and that layers 1 and 2 together 
have a value equal to the mean shown in the table. 

Layer 4. The velocities in this layer show similar, but slightly larger, standard 
deviations to those in layer 3. The Pacific results for ocean depths between 4 and 
5 km give higher values than appear to be usual elsewhere and an explanation of 
this difference may lie in the fact that, in general, the observations have been 
obtained over a greater distance than has been usual with other observations of 
this velocity and that there is a velocity increase with depth below the surface of 
this layer and a resultant curvature in the line on the time distance diagram. 
This would result in a higher velocity being obtained from a straight line forced 
through the observations and also a higher intercept on the time axis than would 
be obtained from the closer observations. This supposition may be borne out by 
the fact that the thickness of layer 3, which is determined from the intercept of 
the line on the time axis, appears to be correlated with the velocity measurements 
obtained from layer 4 (Fig. 7). It is, on the other hand, possible that the velocity 
increase with increasing thickness of the layer above is real and is associated with 
the increased pressure on layer 4. Including all results the velocity appears to 
increase from approximately 7:5 to 8-5 km/sec with a change of thickness of 
layer 3 from 2 km to approximately 8 km or an equivalent change in pressure of 
roughly 2000 atmospheres. This increase is much greater than is obtained from 
laboratory experiments;‘“) it seems more probable that for some reason, or 
reasons, the velocity measurements provide the incorrect value for the velocity 
immediately below layer 3 although the lines on the time-distance diagram pass 
through roughly the correct centre of gravity of the points. The distribution 
of the points in Fig. 7 is similar to that which would be expected on this 
hypothesis. 

As with layer 3, it is plausible to suppose that layer 4 is of the same material 
at all positions where measurements have been made. Further, as has been 
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suggested by many authors, it would seem reasonable, in view of the velocity 
similarity, to associate this material with the ultrabasic rocks supposedly below 
the continental Mohorovicic discontinuity. From forty-four observations of the 
velocity in layer 4 the mean is 8-09 km/sec with a standard deviation of 
0-30 km/sec and a standard error, assuming the material to be everywhere the 
same, of about + 0-04 km/sec. BULLARD‘) summarizing the results obtained 
from continental studies of the velocity below the Mohorovicic discontinuity 
gives a mean value of 8-18 km/sec with a standard deviation smaller than for the 
oceanic measurements. This mean value is close to the oceanic value and at first 
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Fig. 7. The velocity in layer 4 plotted against the thickness of layer 3. The full line 

shows the type of variation in calculated thickness which would be expected if the 

centroid of the observations on the line representing arrivals through layer 4 on the 

time-distance diagram were correct and lay at a distance of 30 km from the receiver 
but if the slope was incorrect. 


sight therefore seems to belong to the same material. On the other hand, it is 
strange if the same material possesses the same compressional-wave velocity 
under the widely different temperatures and pressures which exist 11 km below 
the oceanic surface and 35 km below the continents. Laboratory measurements 
have shown that increasing temperature and pressure change the elastic wave 
velocities in opposite directions and it is not, therefore, impossible that in the 
same rock there should be no change in velocity with these changing physical 
conditions. The evidence of similarity between the rocks of layer 4 and those 
below the Mohorovicic discontinuity is not as good as the velocity similarity 
would suggest. 

It has recently been suggested as a result of unpublished laboratory measure- 
ments on the properties of rocks under high temperatures and pressures that the 
velocity change from 6-7 km/sec to 8-1 km/sec might represent a phase transition 
rather than a change of material. This suggestion cannot be accepted until it 
has been shown that this transition can exist and would produce the necessary 
changes in physical properties under the pressure equivalent to the depths 
shown in Table 1. 
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Oceanic Structure Summary 


From the results obtained from seismic refraction shooting in the restricted 
oceanic areas from which results are at present available it appears that in water 
depths greater than 4 km the average structure roughly consists of the following: 
Thickness Velocity 
Sea water 4:5 km 1-5 km/sec 
Layer 1. (Unconsolidated sediments) 0-45 km 2 km/sec 
Layer 2. (Volcanics or consolidated sediments) 1:75 km 4-6 km/sec 
Layer 3. (Basaltic rocks) 4:7 km 6:71 km/sec 
Layer 4. (Ultrabasic rocks) — 8-09 km/sec 
Apart from the general assumption in these results of the existence of layer 2 
this section is very similar to the standard Atlantic section provided by WoRZEL 
and SHuRBET*) on the basis of a few observations in which, to the observed 
structure, corrections have been possible for the gravity anomalies existing within 
the area. In the standard section the densities adopted are: 


Sea water 1:03 g cm-* 
Layer 1 2:30 
Layer 3 2:84 
Layer 4 3-27 


For the continental standard section adopted by WorZEL and SHURBET the 
crustal layer is 33-0 km in thickness with a mean density of 2:84 overlying, at the 


Mohorovicic discontinuity, material of density 3-27. These two sections provide 
the necessary mass balance for isostatic equilibrium. The latest information on 
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Fig. 8. Average compressional wave velocity in the earth’s crust as a function of 
depth (from GUTENBERG). 


the velocity-depth relationship in the continental crust is given by GUTEN- 
BERG. He shows (Fig. 8) that the compressional wave velocity below the 
sediment base is 6 km/sec rising to about 6:5 km/sec at approximately 8 km 
below the surface; thereafter he believes the velocity slowly falls to approxi- 
mately 6 km/sec at a depth of approximately 24 km. Below 24 km he suggests a 
discontinuous rise to about 6-9 km/sec and thereafter a slow fall to 6-6 km/sec at 
the Mohorovicic discontinuity below which the velocity reaches a value of 
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8-2 km/sec. This velocity section in comparison with the oceanic sections 
strongly suggests that the continental “‘sialic” layer is missing in the oceans, and 
that there is a correspondence between the layer 3 of the oceanic structure and 
the layer in the continental crust with a velocity of 6-9 km/sec at its surface and 
named the “gabbroic” layer by GUTENBERG. Below the Mohorovicic discon- 
tinuity it appears probable that the material is similar to that in layer 4 beneath 
the oceans, and that in both cases it represents the mantle material of the earth. 


4. HEAT-FLOW MEASUREMENTS AT SEA 


Measurements of the heat flow through the continental surface have been 
summarized by BULLARD‘*) who found that the mean of the regional means was 
1-23 x 10-* cal/cm?/sec. Of this heat he estimates that the contribution from 
the radioactivity of the crust and mantle are 0-9 x 10-*cal/cm?/sec, and 
0-1 x 10-® cal/cm?/sec respectively and from the original heat of the earth 
0:3 x 10-* cal/cm?/sec. In obtaining these estimates he has assumed that the 
radioactivity of the crust is half the average radioactivity found in granite at the 
surface. 

It has been shown from the structural results discussed earlier in this chapter 
that the “granitic” or “‘sialic”’ layer is missing in the oceans and it was supposed, 
as a consequence, that the heat flow through the floor of the ocean would be less; 
with similar concentrations of the radioactive elements in the basic and ultra- 
basic rocks of the oceans the heat flow should be reduced from the continental 
value to a mean value of approximately 0-4 x 10-® cal/cm?/sec. 

The mean value determined for the Atlantic is, from five results published by 
BULLARD"*) 0-98 x 10-® cal/cm?/sec and for the Pacific, from fifteen results 
published and unpublished obtained by REVELLE and MAXxwELL,'® 1-45 x 
10-* cal/cm?/sec, and it therefore is apparent that the heat flow is roughly the 
same through the oceanic floor as through the continental surface and that 
therefore the concentrations of the radioactive elements, if responsible for the 
heat production, must in some way be different in the rock layers under the 
oceans from what they are in the equivalent continental layers. Further, if as 
BULLARD suggests, the same total quantity of radioactivity is distributed through 
a much greater depth, then the temperatures at depths below the ocean will be 
considerably in excess of that at the similar depths below the continents. 
BircH” has with caution hazarded curves which show the temperature-depth 
relationship for the oceans and continents. Ifthe continental heat flux is assumed 
to be divided up so that 0-7 x 10-® cal/cm?/sec is derived from the top 10 km, 
0-1 x 10-* cal/em*/sec from depths 10-20km, 0-1 x 10-*cal/cm?/sec from 
depths 20-30 km and that 0-3 x 10~-® cal/cm?/sec is derived from below 30 km, 
then at a depth of approximately 10 km the continental temperature will be 
approximately 130°C. Assuming that all the oceanic heat flux originates from 
depths greater than 30 km the same temperature will be reached at 10 km below 
sea level in the oceans. Thereafter the curves diverge with increasing depth so 
that at a depth of 30 km the continental temperature will be approximately 
300°C in comparison with an oceanic temperature of approximately 430°C. 

BULLARD has suggested that the higher temperatures at depths beneath the 
oceans might result in convection currents which could possibly exist deep in the 
mantle, rising under the oceans and sinking under the continents. This is the 
opposite direction of circulation from that which is usually assumed. 
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A further possible explanation of the high value of the oceanic heatflow may 
be that convection currents transport the original heat of the earth to compara- 
tively shallow depths and that the heat flux from radioactivity is not higher than 
would be expected from the concentrations of the radioactive elements in 
continental rocks of type similar to those supposed to exist below the oceans. 

REVELLE and MAXwELL"®) have suggested that the high value of the heat flow 
might be explained by the present temperature of the bottom water being lower 
than at some time in the past. BULLARD has shown that for a 50 per cent 
increase of the temperature gradient from the steady state the bottom tempera- 
ture would have had to have changed by 0-80°C if the change took place fifty 
years ago, by 3-6°C if it took place 1000 years ago, and 11°C if it took place 
10,000 years ago. Since the bottom temperature is largely determined by the 
existence of ice in Polar regions, and the temperature of the Arctic and Antarctic 
water, changes of this magnitude are unlikely to have taken place. It is therefore 
probable that the present heat flow is a permanent feature of the ocean floor, 
which cannot be maintained at this continuous level by any chemical, physical, 
or organic processes in the sediments and must therefore have its origin beneath 


- the sediments. 


Method of Measurement 

_ As with continental heat flow measurements the method consists in the deter- 
mination of the vertical temperature gradient and the thermal conductivities of 
the neighbouring materials. In continental measurements it is necessary to 
determine the gradient at depths of about 30 m below the surface, or more, in 
order that the considerable diurnal and seasonal changes in atmospheric tem- 
perature and the effects of the circulation of water shall be eliminated. In 


oceanic measurements, on the other hand, this is not necessary since the tem- 
perature of the bottom water shows no appreciable seasonal variations. The 
gradient can therefore be determined by the measurement of the temperature 
difference between the bottom of the sea and a point in the sediments a known 
distance below. 

In the oceanic heat-flow apparatus the temperature sensitive elements are 
mounted in oilfilled probes approximately 44 m in length, of outside diameter 
2:7cm and of inside diameter 1-1 cm. In BULLARD’s apparatus two thermo- 
junctions are used, one near the lower end of the tube and the second near the 
top. The top end of the probe is screwed into a bronze casting to which is 
attached a cylindrical steel container of approximately 20-cm external diameter, 
15-cm internal diameter, and of length 60cm. This container houses the 
galvanometer and a drum camera for recording the e.m.f. difference between the 
thermojunctions. The drum camera is switched on by a clock when the probe is 
nearing the sea bottom. The total weight of the probe and the recorder in water 
is about 127 kg; this is sufficient to allow for the penetration of the probe into 
the soft oceanic sediments if the whole device is allowed to strike the sea bottom 
with a velocity of about 3 m/sec. The loss of potential and kinetic energy results 
in differential heating between the top and bottom ends of the probe during 
penetration. The magnitude of the temperature difference immediately after the 
probe is in position is comparable with the temperature difference to be 
measured. For this reason the probe must be left in position until thermal 
equilibrium is nearly restored; BULLARD finds that after approximately 30 min 
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the residual effect is reduced to 10 per cent of the quantity to be measured and 
that this can be removed by extrapolation to the asymptotic value of the time- 
against-temperature curve provided by the drum camera. The final correction is 
determined from the theoretical cooling curve of a heated infinitely conducting 
cylinder surrounded by a medium of finite conductivity. 

During the period in which the probe is in position in the sea bottom the ship 
drifts away from the vertical through the probe. It is therefore necessary to 
watch the wire tension and let out more wire as required. The drift also results 
in the probe being removed from the sea bottom by a pull which is not vertical, 
with the consequence that the probe is bent near the point which is at the same 
level as the sea bottom. The position of this bend provides a valuable indication 
as to the depth of penetration of the probe. 

In order to determine the heat flow it is necessary to measure the thermal 
conductivity of the sediments. For this reason a core is taken in a position as 
near as possible to the temperature gradient measurement. The core is stored in 
water-tight containers and the conductivity determined by laboratory experi- 
ments ashore. The results of these measurements show that there is a close 
correlation between thermal conductivity and water content of the sediment. 


5. OCEAN STRUCTURE AND SURFACE-WAVE DISPERSION 


In early treatments of the Rayleigh wave dispersion along oceanic paths the 
effect of the water layer was considered to be negligible. Following theoretical 
work by STONELEY in 1926'*) Ewinc and Press‘**) published a paper in which it 
was shown that, particularly for the shorter periods, the dispersion curve for 
Rayleigh waves was dependent upon the thickness of the liquid layer. On 
account of the low rigidity and density of the unconsolidated sedimentary layer 
(layer 1) it was concluded that the liquid layer would, in thickness, be approxi- 
mately equivalent to the total depth from the surface of the sea to the bottom of 
the layer 1. Assuming the bottom configuration was known, it therefore appeared 
possible that the measurement of the Rayleigh wave dispersion along oceanic 
paths would give an average value of the thickness of layer 1. In the earlier 
work, for the purposes of calculation, the oceanic layer was supposed to consist 
of the liquid layer overlying layer 4 directly as shown in case II, Table 2. In 
subsequent calculations OLIVER, EWING, and Press‘*>) interposed additional 
layers as shown in cases I and III in Table 2. 


Table 2 





Case | II Ill 





Liquid layer velocity (vp) | 1-52km/sec | 15S2kmjsec | 1:52 km/sec 
2nd Layer velocity | 55 | _ | 69 
Layer 4 velocity 8:1 | 7 8-1 

2nd Layer thickness ‘= Liquidlayer | — = Liquid layer 

2nd Layer density |= 2-67 x Liquid | =~ |= 2:67 x Liquid 

layer | layer 

Layer 4 density = 3-0 x Liquid |= 3-0 x Liquid |= 3-0 x Liquid 

layer | layer | layer 

0-25 | 


Layer 4 Poisson’s ratio | 0:25 0-25 


| 
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The effect on the calculated curves of the addition of these layers was such 
that it was concluded that it would not be possible to distinguish between cases 
III and II, and that case I would only just be distinguishable from case II. Any 
reduction in the thickness of the second layer (velocity 5-5 km/sec) from a value 
equal to that of the liquid layer would preclude its being differentiated from the 
typical ocean structure. This conclusion means that the presence of a thin layer 
of continental-type rocks over part of an oceanic earthquake path could not be 
observed from the dispersion curve. Further, it is improbable that strong 
evidence concerning the general existence or absence of the layer 2 (4-6 km/sec) 
discussed earlier in this chapter can be obtained from a study of these surface- 


wave arrivals. 
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Fig. 9. The dependence of the group velocity of Rayleigh waves on the period, for 

various models. The full curves represent the oceanic curves for case II (see text) 

and various liquid-layer thicknesses. The dashed curve represents the continental 
model for a crustal thickness of 35 km. 


Fig. 9, obtained from OLIverR et al.,°) shows the calculated group velocity 
(U) against period (T) dispersion curves for case II and for various liquid depths. 
This figure also shows the dispersion curve (obtained from Press and Ewino'*®) 
which might be expected from a typical continental path. For this curve the 
structure is assumed to consist of a sialic layer of thickness 35 km and shear wave 
and compressional wave velocities of 3-51 km/sec and 6-08 km/sec respectively. 
The velocities below the Mohorovicic discontinuity are assumed to be 
4-68 km/sec and 8-11 km/sec, with a density ratio between the rocks above the 
discontinuity and those below of 1: 1-25. 

It will be seen from these curves that where dU/dT is large there is a rapid 
change of group velocity with liquid-layer thickness for a fixed period of the 
wave, and that the dispersion results obtained from earthquake waves over 
oceanic paths should allow an estimate of the liquid layer thickness, and thus, if 
the mean water depth is known, the unconsolidated sediment-layer thickness. 
From results from seismograms obtained at Honolulu, OFFICER ef al. have 


st 
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plotted the variation in liquid-layer thickness as a function of azimuth. The 
estimated sediment thickness, which is subject to some uncertainty on account of 
uncertainties of the mean water depths along the earthquake path, appears to 
vary between 0:4 km due north of Honolulu to nearly 1-2 km to the southwest. 
These figures are larger than those shown in Table | for the thickness of layer 1 
in the Pacific and this may possibly be caused by the omission of layer 2 from the 
model. It is equally possible that the seismic results summarized in Table 1 do 
not give the mean values of the thickness of layer 1 over long oceanic paths. The 
dispersion results obtained by OLIVER et al. from the Atlantic are shown in 
Fig. 10; these results give mean sediment thicknesses which vary between 
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Fig. 10. The Rayleigh-wave dispersion results for various Atlantic earthquakes, and 
the theoretical curves for “‘liquid layer” thicknesses of 4-94 km, 5-25 km, and 5:57 km. 


0:5 km and 1-1 km, the highest value being obtained from an earthquake path 
which, over a considerable distance, lies in the Mid-Atlantic Ridge; it is sug- 
gested that there may be a sizeable error in the estimated water depth along this 
path. An alternative explanation of this large value may be that the velocities in 
the rocks forming the crustal layers in the vicinity of the Mid-Atlantic Ridge are 
less than those adopted for the model. 

The conclusions drawn from the comparative study of the Pacific and Atlantic 
results of Rayleigh wave dispersion are as follows: 


(a) The scatter of observations about the calculated curve is of the same 
order of magnitude for the Pacific and the Atlantic, and the same dispersion 
curves fit both oceans. There is, from this evidence, no reason to suggest that 
there is any difference in structure between the Pacific and the Atlantic. In 
neither ocean is there any evidence for a submerged land mass of continental 
dimensions. Thin layers of continental rocks would escape detection, parti- 
cularly if they were present over a limited portion of the paths. 

(b) The results for the Atlantic do not suggest any differences between the 
eastern and western basins. There is, likewise, no evidence for any large 
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block of continental-type rocks to the westward of the Andesite Line in the 
Philippine Sea. 

(c) For earthquake paths over the Easter-Island Rise there is slight evidence 
which suggests that there is an anomalous crustal structure in this area. This 
might either indicate a thickening of the crust, or a lower velocity material 
existing in the crust, or both. 

(d) Apart from the apparent greater thickness of the unconsolidated sedi- 
mentary layer obtained by the Rayleigh-wave dispersion method, the results 
are in good agreement with the seismic refraction shooting results discussed 
earlier. 


The results from recent studies of Love-wave dispersion on oceanic paths'*® are 
in agreement with the thicknesses of layer 3 obtained from the seismic refraction 
shooting investigations. Love-wave dispersion measurements do not provide 
any estimate of the thickness of the liquid layers. 

Orricer‘®”) has provided interesting results concerning the crustal structure of 
the Southwest Pacific from a study of surface waves received by seismographs in 
Australia and New Zealand. He concludes that the crustal thickness under the 
South-Pacific basin is slightly larger than under the North Pacific. Under the 
Tasman basin there is an oceanic type of crust with a thickness which is approxi- 
mately the same as that under the South Pacific. 

BERCKHEMER"*®) has shown that from the evidence of Rayleigh-wave dispersion 
there is no reason to believe that there is any extension of continental-like 
structure under the Eastern Atlantic basin as suggested by RoTHE.‘ This 
conclusion is consistent with the seismic refraction shooting evidence. 


6. VOLCANIC ISLANDS AND CORAL ATOLLS 


Gravitational, magnetic, and seismic investigations combined with borehole 
information have been extensively used in attempts to find the structure of a 
limited number of coral atolls and volcanic islands, and the neighbouring 
ocean bed. 

The most extensive investigations have been made at Bermuda and the results, 
together with those from Bikini and Oahu are summarized by WooLLarp."* 
Further seismic investigations over two atolls in the Ellice group of islands in the 
Pacific are described by GASKELL and SwaLLow;"® the details of the seismic 
work in and near Bermuda are described by OFFICER, EWING, and WUEN- 
SCHEL,®) and those at Bikini and Kwajalein by DosriN and PERKINS’) and 
Raitt, ©») 

In Bermuda the gravity observations have allowed the construction of a 
model which is in good agreement with the seismic evidence; the section through 
Bermuda, drawn by WOOLLARD, is shown in Fig. 11. This section does not show 
the magma chamber from which WoOLLARD has suggested the volcanic rocks 
forming Bermuda have been derived. He postulates that this chamber is at a 
depth of 65 km below sea level and is shaped like an inverted dish. The radius of 
the chamber is suggested to be 200 km and its thickness varying from 1-7 km at 
the centre to zero at the outer edge. It is supposed that the density differential 
compared with the surrounding rocks is 0-1 g/cm*. In Bermuda, OFFICER et al., 
has shown by seismic refraction shooting that the volcanic rocks with a mean 
velocity of 5:25 km/sec are at about a depth of 80 km below sea level over the 
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top of the cone. As might be expected, the borehole, which was near the flank 
of the cone, showed the basement volcanic rocks at a slightly greater depth, 
170 m below sea level. The conclusion from the seismic evidence is that the 
volcanic platform was eroded to its present depth during a Pleistocene glacial 
lowering of sea level. It also appears that subsidence through elastic yielding has 
taken place; WOOLLARD believes that this is a phenomenon which is to be 
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Fig. 11. The structure of Bermuda as obtained from gravity and seismic observations, 
o = assumed density. Other figures in the diagram represent the compressional 
wave velocities. 


expected with all oceanic islands of volcanic origin. From the geophysical 
investigations at Bermuda there is no evidence such as exists with the Pacific 
atolls, of slow and continuous subsidence. 

The other atolls and islands from which geophysical evidence is available all 
lie in the Pacific; the atolls show the basement volcanic rocks at a much greater 
depth than in Bermuda. The most complete information is that available from 
Bikini where the section shown in Fig. 12 has been obtained by RariT. It is 
postulated that the basement rocks lie at a depth of about 2:5 km below sea level 
at the interface between the 4 km/sec layer and the 5:5 km/sec layer, and that 
volcanic rocks form the 4 km/sec layer. Above these volcanic rocks it is believed 
that the material is calcareous; since it is probable that these calcareous rocks 
were formed near the sea surface, this evidence suggests that the minimum 
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relative change in the position of the sea surface and the top of the volcanic cone 
is of the order of 1 km. This could have been produced by a eustatic change in 
sea level or by local subsidence; the latter hypothesis seems the more plausible. 
A borehole at Bikini‘*” failed to reach volcanic rock at a depth of about 0-77 km. 

There is seismic evidence for the depression of the 6-5 km/sec layer (layer 3 in 
the foregoing discussion of the deep-sea seismic results) surrounding Bikini, but 
RAITT remarks that the amount is of the same order of magnitude as the estimated 
depth error and is therefore not well established; RartT states that it cannot 


exceed 3 km. 
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Fig. 12. Hypothetical cross-section through Bikini Atoll. The figures show the 
compressional-wave velocities. Where bracketed these velocity values are uncertain. 


Gravitational evidence is not, as far as we are aware, available for Bikini or 
any other Pacific atolls. 

GASKELL and SWALLOW made seismic investigations at two atolls, Funafuti 
and Nukufetau. At the former, borehole investigations had been made in 1900; 
the deepest drilling was to a depth of 0-33 km near the edge of the atoll but 
volcanic rock was not reached. At both atolls the evidence from the seismic 
work shows layering similar to that at Bikini, with rocks which are probably 
volcanic at a depth of 0°55 km at Funafuti and 0-76 km at Nukufetau. At 
Funafuti, basement volcanic rock is reached at a depth of approximately 3 km 
below sea level, whereas at Nukufetau it is shallower and at a depth of approxi- 
mately 1-4km. There is uncertainty concerning the velocity in this basement 
rock, but it lies between approximately 5-6 km/sec and 6-6 km/sec. Around these 
two atolls there is no information concerning the subsidence in the nearby 
oceanic basement rocks, or of the gravitational field. 

There have been no seismic measurements made at the volcanic island of 
Oahu in the Hawaiian group, but from the gravity work it appears similar in its 
structure to Bermuda, apart from an area to the east of the island in deep water 
where WOOLLARD"®) has postulated the existence of a downfaulted block. 

The interpretation of gravitational results without the assistance of the 
geophysical results is notoriously uncertain. In the case of Oahu, however, there 
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can be no doubt that the island is associated with a regional gravitational ano- 
maly stretching many diameters away from the island and in form, similar to 
what would be expected for elastic yielding of the crust as a result of the island’s 
mass. 

This geophysical evidence concerning the oceanic islands and atolls suggests 
that the ideas first postulated by CHARLES DARWIN concerning subsidence are 
well founded, and that the formation of coral atolls cannot entirely be attributed 
to eustatic changes in sea level on account of the magnitude of the change which 
would be required. On the other hand, there can be no doubt that a slow eustatic 
increase in the depth of the ocean would result in the increased growth of the 


coral structures. 


7. THE STRUCTURE OF DEEP SEA TRENCHES 
In the section on gravity measurements it was mentioned that gravity observa- 
tions had been obtained over the Puerto Rico Trench. This information has been 
combined with seismic and magnetic measurements by WoRZEL and SHURBET‘**) 
and by Ewinc and Heezen;"*) both references also provide a reassessment of 
the gravity measurements by VENING MEINESZ across the Mindanao Trench and 
the Cayman Trench near Jamaica. RAITT, FISHER, and Mason‘) describe the 

seismic and magnetometer measurements over the Tonga Trench. 
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Fig. 14. The structure of the Tonga Trench obtained from seismic and magnetic 
data. The figures show the compressional wave velocities. 


In the seismic work in the Puerto Rico Trench no measurements of the 
crustal thickness were obtained, and one explanation of this lies in the possibility 
of the existence of a great thickness of sediments in this region. Other explana- 
tions are possible but to the authors of the paper do not appear to be as plausible. 
It is suggested that this great thickness of more than 5 km has been transported 
by turbidity currents from neighbouring areas. On the flanks of the Puerto Rico 
Trench a number of measurements of the crustal thickness have been made, and 
from these and from the excellent coverage of gravity observations a section has 
been calculated which is shown in Fig. 13. 

This section is different from those suggested by VENING MEINESz in that there 
is no tectogene (or root) beneath the trench; the thickness of layer 3 which, on 
the Meinesz hypothesis, is considerably greater than in the areas adjacent to a 
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deep-sea trench is, in this section, thinner. Similar sections without the great 
thickness of layer 1 have, on the basis of the gravity evidence alone, been provided 
for the Mindanao and Cayman Trenches. This evidence therefore suggests that 
the trenches are formed by tension, rather than by the compression and down- 
buckling as a result of convection currents in the mantle, as suggested by 


MEINESZ. 

The seismic and magnetic results on the Tonga Trench, however, do not show 
this thinning of layer 3 under the axis of the trench; instead it is considerably 
thicker than in the neighbouring areas (Fig. 14). In this trench, layer 1 is missing 
and rocks with velocities belonging to the range associated with layer 2 outcrop 
over the bottom of the trench. Unfortunately gravity measurements over the 
Tonga Trench are not available, and it is not therefore known whether the 
postulated structure is satisfactory from the point of view of the mass distri- 


bution. 
In the Puerto Rico Trench magnetometer measurements did not show any 


systematic relationship with the topography; on the other hand the measure- 
ments over the Tonga Trench showed that after the removal of the effects of 
basement topography a deep-seated asymmetry remains which suggests that 
either the Curie point surface is deeper or that the magnetic susceptibility is 
greater on the landward side of the trench. 
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THE GEOCHEMISTRY OF GALLIUM, INDIUM, 
THALLIUM—A REVIEW 


By Denis M. SHAW 


INTRODUCTION 


THE late V. M. GOLDSCHMIDT defined one of the purposes of geochemistry to be 
the study of the distribution of elements and the laws governing their distribu- 
tion. His own researches and those of his associates were carried on to this end, 
and the broad framework of the science had been established before his death. 
So much additional work has been stimulated by these results that it is now 
necessary to review the earlier data in a somewhat critical manner. This is not 
to question the early achievements, but rather to reassess the data and conclu- 
sions in the light of the great advances made in analytical techniques over the 
past twenty years. However modified in the superstructure, the foundations 
were laid down by GOLDSCHMIDT and his colleagues. 

Among the various subgroups of the periodic table, the minor elements of the 
third group—gallium, indium, and thallium—are among the most fascinating. 
With various similar properties there are combined dissimilar ones, and both 
play their parts in determining the manner in which they occur in cosmic and 
terrestrial materials. The first of the three is much more abundant than the 
others and its distribution pattern was the first to be elucidated, by GOLDSCHMIDT 
and Peters.‘*) The other two have only recently been investigated in de- 
tail.(122, 123) A considerable literature exists on all three, however, and whereas it 
is not the purpose of this review to list every reference, I believe that no important 
paper up to December, 1955, has been missed (a few were only accessible in 
Chemical Abstracts). 

In the following pages the history, chemistry, and cosmic abundance of the 
elements is briefly discussed, then the geochemistry of each is separately re- 
viewed. At the end a summary is presented with some suggestions regarding 
outstanding problems needing investigation. As many as possible of the data 
have been summarized in tables to facilitate presentation. Within the scope of a 
review such as this it is not possible to deal with analytical methods. 


HISTORY AND CHEMISTRY 


It is interesting to note that Ga, In, and Tl were all discovered spectroscopically 
and that most of the subsequent geochemical determinations have been made in 
the same manner. 

Gallium was discovered by LECOQ DE BOISBAUDRAN during the night of 27-28 
August, 1875, as the result of a brilliant prediction he had made twelve years 
previously. By comparison of the’ spectra of the aluminium group he found a 
term to be missing between Al and In. He strove to find this missing element by 
spectroscopic examination of blende and, when it was found, named it in honour 
of Gallia, the latin name for France (MELLOR'®®)). Its position in the periodic 
table became clear when its properties proved to be almost identical with those 

164 
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ascribed to the hypothetical “eka-aluminium” whose existence and properties 
were predicted by MENDELEEF in 1869. It resembles Al in numerous ways, most 
strikingly in the properties of the oxide Ga,O,, the properties of the hydroxide, 
which is both basic and acidic, and the ability to form alums such as 
(NH,).SO,°Ga,(SO,),°12H,O which are isomorphous with Al alums. Similarity 
of chemical properties is due in part to a similarity of the radii of Ga** and Al**. 
Indium was discovered in 1863 by F. ReIcH and T. RICHTER, also during 
spectroscopic examination of sphalerite. The examination was made to search 
for thallium, but instead a new indigo-blue line was observed and gave the 
name to the new element after it had been extracted and confirmed. The 
position in the periodic table was less clear than for Ga since A. DitTE'®®) (p. 394) 
showed the close resemblance to Zn in analytical reactions. However, when it 
transpired that the oxide is In,O, and that In alums can be prepared, it became 
clear that the element belonged to the third group. Nevertheless there are more 
differences between Al and In than between Al and Ga, as is to be expected. For 
instance In** is a stronger base than both Al and Ga, although the hydroxide 
still shows also some acidic properties. Another difference is the formation of 
salts of another valency . . . In*®, although the trivalent ion is more stable. 
Thallium was discovered by W. CrRooKEs in 1861, by spectroscopic examina- 
tion of seleniferous products of a sulphuric-acid plant. The unknown substance 
was revealed by a brilliant green line which resembled a budding twig (Latin: 
thallus) which gave its name to the element. However, CROOKES at first believed 
the element to be related to S and Se. The following year A. LAMy showed it to 
be a metal which forms two series of salts, resembling lead on the one hand and 
the alkali metals on the other. Univalent Tl resembles Pb in the sparing solu- 
bility of the halides and the chromate, and the alkalies in the formation of alums 
and chloroplatinates and in other features. It should be noted that the alums 
differ from Ga and In alums in that the Tl replaces the alkali metal, not Al. 
Attempts to prepare alums from TI*® were unsuccessful, although other mixed 
thallic sulphates are known. The position in the periodic table was not finally 
agreed on for some years, in view of the remarkable range of chemical properties 
of the element, which led J. B. A. Dumas to call it “l’ornithorrhynque des 
métaux”. Certainly apart from the existence of T1,O, and the ion T1** it has few 
features in its chemistry (and geochemistry) which link it with Al, Ga, and In. 
The three metals are very soft and are of low m.p. (Ga, 29-6; In, 156-2; TI, 
302:5°C). None occurs native, but they are quite stable in air at normal tempera- 
tures. Some fundamental data regarding their properties are presented in 
Table 1. Compounds of interest here will be briefly reviewed. The hydroxides 
of Ga and In include compounds of the form M(OH), and are insoluble in 
water. Tl forms two or three hydroxides, which do not include TI(OH)3."7”) The 
compound T1O(OH) is only sparingly soluble in water. A similar Ga compound 
exists and has the structure of diaspore. It is probably the compound obtained 
by precipitation from a gallic salt. Several types of sulphides are known. Thus 
Ga gives no precipitate when H,S is passed into the solution of a salt, unless Zn 
or certain other metals are present and the solution is slightly acid, when co- 
precipitation takes place (see p. 187). Ga,S3 can, however, be prepared in other 
ways. In,S, can be precipitated from feebly acid salt solutions. A solution of a 
thallic salt gives the reduced sulphide T1,S and sulphur. It is uncertain whether 
the compound Ga,S has been prepared, but In,S is known. With regard to 
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carbonates, that of Ga has not been prepared and attempts to precipitate it give 
a hydroxide. An insoluble In** carbonate is known and also a sparingly soluble 
TI** carbonate. 

As far as geochemical behaviour is concerned, since all three are transition 
elements they have mixed affinities. Thus Ga resembles Al very closely in 
lithophile behaviour, In less closely and TI not at all. By contrast Tl is markedly 
lithophile by virtue of its resemblance to K. But whereas Al and K have no 
chalcophile or siderophile tendencies, Ga, In, and T] all have these affinities to a 
marked degree, as a result of being transition elements. In addition each shows 
some resemblances to its horizontal neighbours in the periodic table, and tends 
to be concentrated in sulphide minerals. 

All three elements are “dispersed” in the sense of VERNADSKY."35) That is 
they occur almost entirely in minerals of other elements. Ga and In in fact are 
major constituents of no minerals. Their distribution is therefore dependent 
largely on, first, their affinities and, second, their ionic radii and ionization 
potentials (see Table 1). From these facts we find that the distribution of Ga is 


Table 1. Fundamental Data for Ga, In, Tl* 





| 


Ga In 





Atomic number | 49 81 
Atomic weight | 114-76 204-39 
Stable isotopes and per- | 69 "1 | 42 | 203 29:1 
centage abundances | 7] 95:8 | 205 70-9 
| | 206 — 


Ionic radius (A) | Gat3 0-81 | TH 1-47 


| | TI 0-95 


Ionization potential | 
(volts) | Gat ° 28:03 | TI#} 6°11 
Ti 29-8 
Ionic potential | Gat . 37 | Tr 0-68 
We i 3-2 
Elements with similar | L Al (Al* 0-51) LK (K+? 1-33) 
geochemical behavi- S Fe L Rb (Rb*? 1-47) 
our, and some radii (A))| C Zn C Zn, Sn, Pb, Cu | C Zn, Pb 
Geochemical affinity LS; C, $ (2), L(?) Bs, & 
Crustal abundance | 
(p.p.m.) 19 
Cosmic abundance | 
(p.p.m.) | 20 





governed largely by that of Al and Zn, In is governed by Fe, Zn, Cu, and Sn (as 
far as is known), and Tl is governed by K, Zn, and Pb. With these generalities in 
mind the geochemistry of each element will be examined, after a general discus- 
sion of cosmic abundances. 


PRESENTATION OF DATA 


Except where otherwise stated all analyses in the following pages are given in 
parts per million (p.p.m.). Where figures were given originally as p.p.m. oxide, 


* Mostly taken from GREEN,"*®) BRown,'*® and AHRENS.'®) Crustal abundance data from 
this paper. Symbols L, S, C, refer to lithophile, siderophile, chalcophile affinities. 
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they have been converted to p.p.m. metal. The symbol nd indicates that the 
element was below the sensitivity limit in the analysis in question, whereas — 
indicates no information available and tr indicates a trace. Much of the data on 
gallium is taken from the 1954 summary‘™) of V. M. GOLDSCHMIDT and CL. 
PeTerS’s paper‘*) of 1931, and is referred to in the following as G & P. Unless 
otherwise stated, analyses have been made by spectrochemical methods. Other 
data and papers referred to by symbols are H & G for HORMANN and GOLD- 
SCHMIDT as reported in GOLDSCHMIDT, '*;59) E for ERAMETSA,® S1 for SHAw'?9) 


and S2 for SHaw."22) 
EXTRATERRESTRIAL DISTRIBUTION 


Gallium and indium have been detected in the atmosphere of the sun.‘ 
The occurrence of gallium in meteorites was first reported by HARTLEY and 
RAMAGE‘ in 1897. More recent data is presented in Table 2. The determina- 


Table 2. Ga, In, and Tl in Meteorites 





re , Average for all 
Reference . Silicate phase | Metal phase | Sulphide phase meteorites 





Gallium | 
G&P — 5 | — 
Noppack & NopDAck'*?) present 13 present 
Noppack & Noppacxk'*?) 
GoLDscHMIDT'®) 3 8* 
BROwWN'"®) 0:5 50 0:5 


Indium 
Noppack & Noppack'*!) | _ 
NoppDack & NoppDack'?) | 0-24 
H&G | 1:0 1:0 
Brown'2®) | 


present 08 











| 


Thallium | | 
Noppack & NopDack'*!) | present | 0:3 


Noppack & NoppDack'®?) | 0°15 | 
GOoLDscHMIDT*?) Accepts the Noddacks’ figures 
BROWN") Accepts the Noddacks’ figures 


| 


| | 


tions by GOLDSCHMIDT and Peters‘) and GOLDSCHMIDT'*”) were spectrographic, 
using a method standardized for silicates. In view of the recent results of 
Brown, '?®) which are more precise, it seems certain that the presence of abundant 
metallic iron depresses the Ga-line sensitivities in spectrographic analysis. 
Brown’s results on metallic meteorites were obtained by a neutron-activation 

method (BROWN and GOLDBERG”) and were reported by GOLDBERG, UCHIYAMA 
and Brown." The precision is said to be 10 per cent in the range 1 to 100 p.p.m. 
Forty-five meteorites were analysed, taking only the metal phase, and the results 
are interesting. The results fall into three classes: 

Class I 45-100 p.p.m. 

Class II 17-22 

Class III = 1-7-2:5 





* Includes troilite. 
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Only five analyses fall outside these ranges. Class I has 5:5 < Ni < 8°5 per cent 
and includes hexahedrites, Ni-poor ataxites, the coarsest octahedrites, and about 
30 per cent of the coarse octahedrites. Class II has Ni> 7-5 per cent and 
includes 70 per cent of the coarse octahedrites and a few fine octahedrites of 
fairly high Ni content. Class III has Ni> 7:5 per cent and consists of fine 
octahedrites and Ni-rich ataxites. 

The authors give no explanation for this “quantization” of Ga content, 
beyond pointing out that since it correlates with structure this implies formation 
under different physicochemical conditions. In addition to metal analyses two 
troilites contained 0-4 and 0-3 p.p.m. Ga. In Table 2 the figures reported by 
Brown for silicate and troilite phases were derived from the NODDACK’sS figures, 
and unpublished results by BROwN. To compute an average for all meteorites 
the sulphide was neglected and the ratio of metal/silicate taken as 0-67. 

Brown’s figures in Table 2 indicate clearly the predominating siderophile 
character of gallium, but much more work is necessary to establish the abun- 
dances with any confidence. 

Numerous tektites were analysed by Preuss, who reports the Ga content 
to vary from 7-14 p.p.m. 

Estimates of the cosmic abundance of an element are usually taken as the 
meteorite average, in some cases “diluted” by an appropriate factor which is 
based on the abundance of the lighter nuclides in stellar atmospheres. BROWN'?®) 
takes the cosmic abundance of Ga as the average for all meteorites (i.e. 20 p.p.m. 
Ga or 0:65 atoms Ga per 10,000 atoms Si). Suess and Urey"*) discuss previous 
estimates and choose the value 6-7 p.p.m. or 0-145 atoms Ga per 10,000 atoms Si. 
GREEN) lists the cosmic abundance as 0-012 p.p.m. which seems too low. The 
abundance of the individual stable Ga nuclides is given by BROWN as 0-39 and 
0:26 atoms Ga per 10,000 atoms Si for Ga®® and Ga” respectively, using the 
abundance ratio of 1-51 given by INGHRAM, HEss, BROWN, and GOLDBERG.'??)* 

There is little data regarding indium in cosmic materials. Analyses in Table 2 
show the same order of abundance in all three meteoritic phases. The writer was 
unable to find In in three meteorites analysed. If the value of 0-24 p.p.m. in 
chondrites is substantially correct it would appear that In has lithophile affinities 
which are nearly as strong as its siderophile and chalcophile ones. This is sug- 
gested also by figures for the free energy of the oxides Na,O, In,O3, FeO, Cu,O, 
which are 93-6, 72-7, 59-3, 35-1 kilocalories per gram-atom of oxygen. Sodium, 
with strong lithophile character, has a greater value than indium, which is again 
greater than iron and copper, both of which are siderophile. On the other hand 
the geochemical data to be presented for In are difficult to interpret in this man- 
ner. BROwN'® takes the cosmic abundance of In as the average meteorite 
figure 0-5 p.p.m., which is derived from the NODDACK’s and GOLDSCHMIDT’S 
figures. This is equivalent to 0-01 atoms In per 10,000 atoms Si. Susrss and 
Urey"®) take the cosmic abundance to be 0-193 atoms In per 10,000 Si. The 
abundances (atomic) of the stable In nuclides are given by BROWN as 0-00960 
and 0-00042 for In™* and In"* respectively. 


* A paper on Ga in chondrites by Onishi and Sandell (Geochim. et Cosmochim. Acta 9, 
78-82) appeared recently. Nineteen chondrites contain Ga in the range 4-2-6'8 p.p.m., with an 
average of 5-3. The average Ga contents of the silicate, metal and sulphide phases of chon- 
drites are 3-2, 15 and 12 p.p.m. respectively. In relation to the Urey-Craig average of 18 per 
cent Si in chondrites the Ga content is 0-12 atoms per 10,000 atoms Si. 
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Even less meteoritic data is available for Tl, but two figures are shown in 
Table 2 and have formed the basis of later estimates. The writer was unable to 
find T] in three meteorites. This may have been due to a depression of spectral 
line intensities in the presence of excess iron, as has been reported by WATANABE 
in another connection (122, p. 126). BROWN did not estimate the average 
meteorite. Sugss and Urey take the cosmic abundance as 1-12 x 10~ atoms 
per 10,000 Si, or 0-013 p.p.m. With the isotopic abundances given in Table 1 
this would give 0-33 and 0-79 x 10~ atoms for Tl? and T1?°°. With respect to 
the isotope T]?°5, KoHMAN‘”®) discusses the possible previous existence of Pb?05 
which has never been identified. This nuclide would decay to T1”°> with a half- 
life of 10° to 10® years. However, it seems unlikely that this could influence Tl 
abundance or distribution now, since almost all the Pb?° which may formerly 
have existed would have decayed very early in the earth’s history. 


GALLIUM DISTRIBUTION 


Igneous Rocks 

Following the definitive work of GOLDSCHMIDT and PETERS in 1931, little 
systematic study of Ga geochemistry was made until the last few years. Since 
1948 numerous geochemical-petrological studies of igneous complexes have been 
made, with analyses for numerous minor elements including Ga. The majority 
of the analyses have been made by R. L. MITCHELL, in co-operation with several 
geologists and geochemists. The available data has been summarized in Tables 


Table 3. Ga in Ultrabasic Rocks 


| | | 


| 10,000 Ga/Al 








No. of | 


sampl “| Reference 


Rock type 


| 








Dunite, Norway 
Peridotite, Norway | 
Dunite, U.S.A. | 
Lherzolite, Italy 
Kimberlite 
| 





'G& 
|\G& 
'G& 
\G& 
i\G& 


Ultramafic 
Ultramafic, Garaball 
Hill-Glen Fyne, 


| SANDELL'6) 


Scotland 
Other accumulative | 
rocks, Garabal Hill- | | 
Glen Fyne, Scotland | | Nockoips & MITCHELL'®®) | 
S. California batholith | | | 
accumulative rocks 5 | Nocxotps & ALLEN®) 
Anorthosite | 3* | SANDELL®) | 
Bytownite from anor- | | | 
thosite | 1 |G&P | 


| NocKoLps & MITCHELL'®® | 


Labradorite from anor- | 
thosite 1 |G&P 


| 








* Composite. 


12 
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3 to 7, and is mostly semiquantitative, with precision given as + 10-50 per cent.* 
Since in silicate rocks Ga shows strong coherence with Al, its distribution 
generally depends on the Al content of the rock or mineral. 

The ultrabasic rocks (Table 3) may therefore be grouped into two categories, 
depending on their alumina content. The first group, comprising rocks rich in 
olivine and pyroxene, contains very little Ga, and SANDELL’s average of 1-5 p.p.m. 
seems appropriate. The second group contains aluminous minerals such as 
hornblende and basic plagioclase and has higher Ga content. The hornblendic 
varieties include the accumulative rocks from the Garabal Hill-Glen Fyne 
complex and the S. California batholith. There is some discrepancy between the 
Ga content of anorthosite reported by SANDELL and the two determinations on 
anorthosite feldspar by GOLDSCHMIDT and PETERS and, in view of figures for 
other types of igneous rocks and minerals, it seems probable that the GOLD- 
SCHMIDT and Peters’s figures are low. There is a notable difference in the Ga/Al 
ratios of ultrabasic rocks as reported by SANDELL and by NOocKOLps and 
MITCHELL and NOCKOLDs and ALLEN. This may in part be due to the fact that 
the accumulative rocks to which the Ga/AlI ratios pertain are not true ultrabasics, 
but rather melanocratic diorites. 

Analyses of basic rocks are grouped in Table 4, and the figures comprise 
determinations on well over 100 rocks. The most precise determinations are 
probably those of SANDELL (17:5, 12, 17 p.p.m.) and FAIRBAIRN et al. (17 p.p.m.). 
The agreement among these figures is good and the average for basic rocks will 
here be taken as 17 p.p.m., weighting in favour of the latter authors, since 
SANDELL’s determinations were made on composites. This figure is nearly the 
same as the value for W-1 to be discussed later. The range is from 440 p.p.m. 
The Ga/Al ratios range from 0-6 to 2-0 x 10~*. There are no apparent differences 
in the Ga content between tholeiitic and other basalts, nor between volcanic and 
plutonic rocks. 

With respect to individual figures in Table 4 it should be noted that CoaTs’s 
figures include some andesites, as also do the Hawaiian rocks analysed by WAGER 
and MITCHELL. The five spilites analysed by AMsTUTZ have Ga contents and 
Ga/Al ratios which accord with the other basic rocks, but this is not evidence 
against an origin by metasomatism, since hydrothermal feldspars appear to be 
low in Ga (see later). 

The most detailed study of the geochemistry of basic rocks is WAGER and 
MITCHELL’s work on the Skaergaard complex of East Greenland,"!%”) which had 
previously been examined in detail by WAGER and Deer. A sequence of gabbro, 
ferrogabbro and granophyre was formed by progressive differentiation of a 
basaltic magma. This parent magma contained 17 p.p.m. Ga, and the successive 
rocks have figures from 8 to 35p.p.m., showing a fairly steady increase, 
paralleled by an increase in the Ga/Al ratio from 0-7 to 1-7 x 10-*. The com- 
position of the magma at different stages was computed and shows Ga increasing - 
from 17 to 30 p.p.m. Early rocks contained less Ga than the magma, whose 
content therefore showed a steady rise. The distribution within constituent 
minerals will be mentioned later. 

Intermediate to silicic rocks show generally higher Ga values than basic rocks. 


* To express precision in this manner is unsatisfactory, but I presume that the figure would 
be roughly equivalent to 2 or 3 times the standard deviation, which is seldom measured. 
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The range (Table 5) is from 10-50 p.p.m. Most of the data pertains to rock 
series (calc-alkalic), some of which are volcanic, some plutonic. Trace-element 
and other studies suggest that almost all the rocks listed in Table 5 are of 
magmatic origin. 

The rhyolite, obsidian, and trachyte from Antrim, Ireland, analysed by 
PATTERSON, are comagmatic with the basalts in Table 4, representing a differen- 
tiation from olivine basalt through tholeiite and trachyte to rhyolite-obsidian. 
The average Ga contents are 33, 35, 40, and 43 p.p.m. respectively, and this 
increase is accompanied by a slight increase in Ga/Al. HIGAzy’s study of trace- 
elements in the Loch Doon complex of Scotland shows a similar increase in Ga 
in the more silicic rocks. He accepts a metasomatic origin of the rocks, which 
are in most ways very similar to those of other calc-alkalic suites of magmatic 
origin in the same region and of the same age, such as the Garabal Hill-Glen 
Fyne complex. The latter has been studied in great detail by NOCKOLDs and 
MITCHELL. This series of calc-alkalic rocks have formed by accumulation and 
crystallization differentiation from a basic diorite magma similar to a common 
andesitic type in the region. As mentioned previously, the accumulative rocks 
have higher Ga content than normal ultrabasics. Rocks on the liquid line of 
descent have a Ga content which increases with silica content. By contrast with 
rock series previously discussed, the Ga/Al ratio remains constant throughout 
at 2:0 x 10-*. The minerals from this intrusion will be dealt with later. Other 
Caledonian plutonic rocks from the same region present a trace-element pattern 
which is similar. Subsequent studies of other igneous rock series have been 
made by NOCKOLDs and ALLEN, and data for the calc-alkalic ones are given in 
Table 5. All are very similar in regard to their Ga and Ga/AlI distribution, except 
that the parent magmas seem to be somewhat richer in Ga than the Scottish 
Caledonian rocks. Ga/Al ratios are generally higher than in the Skaergaard 
intrusion. The average andesite-diorite has been calculated from NOcCKOLDs’s 
analyses, and the result (22 p.p.m.) is substantially lower than the figures of 
GOLDSCHMIDT and PETERS. 

Ga figures for a group of miscellaneous granitic rocks are given in Table 6 and 
show considerable variation. Most of the results obtained in the last few years 
are probably reliable, in view of AHRENS’S"®) report on the results of the minor 
element analysis of a granite (G-1) and a diabase (W-1) by several analysts, 
including five spectrochemical determinations and one fluorimetric (using 
SANDELL’s method). The range of results reported is shown in Tables 4 and 6 
and is seen to be quite small. It may be concluded that d.c.-are spectrochemical 
analyses are frequently both precise and accurate, which is seldom believed by 
those unfamiliar with the methods. 

FLEISCHER'**) assembled much of the data used in this review, and reported 209 
igneous rocks with SiO, > 65 per cent to average 18-8 p.p.m. Ga. AHRENS’S 
average of 17 p.p.m. on Canadian granites is based on numerous individual 
analyses. The higher values of Table 6 therefore appear at first sight to be in 
error, and this may be the case for the older figures. However, it must be borne 
in mind that “granitic rock’ covers a wide range in rock type. It will be shown 
later that potash feldspar is a less receptive host to Ga than plagioclase, musco- 
vite, biotite, and hornblende, and one may therefore expect some variation in Ga 
content between a leucocratic potassic granite and a biotite-hornblende tonalite. 
Accordingly it is proposed to take the average of true granite (rhyolite) as 
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Table 6. Ga in Granitic Rocks 





Rock type 


No. of | 
samples | 


| 





Reference 


10,000 Ga/Al 
Mean 





Granite 

Granite dykes, Oslo 

Granite and pegmatite 

Granite, Finland 

Rapakivi granite, Fin- | 
land 

Granite, Finland 

Granite 

Granite 

Granite 

Granite 

Granite 

Granite 

Granite 

Granite 





Granite, S. Dakota 
Albitite, S. Dakota 
Granite, Mourne Mts., | 
Ireland | 
Granite, Slieve Gullion, 
Ireland 
Granite, White Mts., 
New Hampshire 
Granite, Finland | 10 
Granite, Canada 
Granite G-1 6 


|G&P 
'G&P 
| TR6GER"9) 
| SaHama"4) 


| SAHAMA"15) 
RANKAMA‘'!207?) 
SANDELL"!®) 
SANDELL"!26) 
SANDELL'126) 
SANDELL'!8) 

| SANDELL"26) 

| SANDELL'!26) 

| SANDELL"!6) | 

| SANDELL"®) (average | 

of preceding) 
| Hicazy‘®) 
| Hicazy‘®) 





| PATTERSON'!00) 
| PATTERSON‘29°) 


| WEBBER'43) 

| WEBBER'49) 
AHRENS'®) 
AHRENS"0) 








Average of 40 dacites, granodiorites and tonalitest 
Average of 15 granites and rhyolitest 





* Composite. 
+ Computed from Garabal Hill-Glen Fyne and other calc-alkalic series analyses studied 


by Nocko_ps and listed in Table 5. 


16 p.p.m. and the average of tonalite-granodiorite (dacite-rhyodacite) as 21 p.p.m. 
accepting that the values may rise to two or three times these figures. The overall 
average of both groups is then virtually identical with FLEISCHER’s figure 
(18-8 p.p.m.), and is somewhat lower than diorite (andesite), as would be 
expected on the above grounds. 

The Ga content of common igneous rocks is illustrated graphically by the 
variation diagrams in Figs. 1 and 2. In both cases the average basalt-gabbro (B), 
andesite-diorite (A), dacite-rhyodacite-tonalite-granodiorite (D), and rhyolite- 
granite (R) have been used. The Ga figures have been taken from this paper, 
whereas the SiO, and Al,O, averages have been taken from NockoLps,'*8) as 
follows: 

No. V, Table 14, Nocko.ps.‘*8) 
Average of I and II, Table 6. 

Average of III, IV, V, and VI, Table 2. 
Average of I, II, III, IV, Table 1. 
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In Fig. 1 the Ga averages (p.p.m.) have been plotted against SiO, (wt. per cent:) 


2B A D R 
Ga 17 22 21-4 16 
SiO, 48-4 5303 65:73 73°55 














a 


8 1 


















































4s ce) 5S 60 65 70 75 
SiOo *le 
Fig. 1. Silica variation diagram for gallium. B, A, D, and R represent the average 
- basalt-gabbro, andesite-diorite, dacite-rhyodacite-tonalite-granodiorite and rhyolite- 
granite respectively. 


in Fig. 2 the quantities 10,000 Ga p.p.m., Al,O3, and SiO, have been recalculated 
to percentages. These figures show the variation of Ga between the common 


B A D R 
Ga 21:0 239 208 15°5 
SiO, 599 578 639 71:5 
Al,O; 192 183 154 130 





100-1 ; P 100-0 





— TOOK O00 é S Wael 
INNING NINN NOVA AE 
AX LIVALLLADL KAAAAA 
ADAALAAAIAVAAALALV 





Fig. 2. Variation diagram for SiO,, Al,O,; and Ga x 10,000 (all in wt. per cent). 
Letters as on Fig. 1. 
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rocks and may also be regarded as showing its behaviour during calc-alkalic 
differentiation. It is evident that an estimate of the crustal abundance of Ga 
ought not to be made on the basis of basalt and granite alone (see later). 
Table 7 lists the Ga content of various rocks of alkalic affinity. In general Ga 
varies in a manner similar to other rock series, but Ga/Al ratios rise to 5:5 x 
10~, whereas in calc-alkalic rocks the highest figure is 3-5 x 10-4. GoLDSCHMIDT 
believed Ga to show a stronger enrichment in alkalic rocks than in others, but 
the figures in Table 7 do not entirely support this view. Excluding the lugarite 
analysed by PATTERSON (7 p.p.m.) the true alkalic rocks all have Ga in excess of 
22, ranging up to 44 p.p.m., which is the same as the range for granites reported 
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Fig. 3. Tl,0 and Rb,O content of various granitic and pegmatitic minerals (from 
AHRENS, 7, p. 586). 


by GOLDSCHMIDT (Table 6). In his study of the Quaternary-Recent volcanic 
rocks of S.W. Uganda, Hicazy‘®® has used trace-element data to throw valuable 
light on questions of petrogenesis. The Ga figures, however, show few features of 
interest beyond illustrating again that ultramafic rocks only contain significant 
Ga content when aluminous minerals (biotite, kalsilite, leucite, melilite) are 
present. HiGAzy demonstrates also that Ga correlates in a positive manner both 
with Al and Fe*’, This was also pointed out by TsaRovski'!*) in a study of 
nepheline syenite pegmatites of the Azov region. 

Before leaving the subject of Ga in igneous rocks two other studies must be 
mentioned. Howie‘ has recently examined charnockites and related rocks 
from the type area around Madras. Whatever their mode of origin, these rocks 
may conveniently be considered here. In rock type they range from ultramafic 
to granitic, and the Ga content of seventeen specimens ranges from 5 to 35 p.p.m. 
The highest figure of 35 p.p.m., however, was found in a norite, whereas the 
four granitic types (charnockite) all contain 15 p.p.m. Ga/Al ratios vary from 
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1:0 to 4:0 x 10, and again the highest value pertains to the norite. Ga 
determinations were made by the usual semiquantitative method of visual 
comparison, and it is possible that the norite analysis was in error perhaps 
by a factor of 2 x. 

An interesting study of hydrothermal alteration in Triassic tuffs and related 
rocks from New Zealand has been made by Coomss.‘°”) Extensive formation of 
zeolites was found in rocks which were originally normal volcanics. In eleven 
rocks analysed for minor elements, in which extensive reconstitution and 
metasomatism had taken place, Ga varies from < 5 to 20 p.p.m. and therefore 
shows no special concentration or removal. 


Minerals of Igneous Origin 
The Ga content of igneous rocks may be further studied by analyses of the 

mineral constituents. Data of this kind are presented in Table 8 which also 
contains data on pegmatitic, metamorphic, hydrothermal, and sedimentary 
minerals, excluding the sulphides. The general features of Ga distribution in 
igneous rocks are accounted for by the following figures which refer to the 
principal minerals: 

Plagioclase feldspar 4-200 p.p.m. 

Alkali feldspar 2-62 

Quartz probably negligible 

Biotite 10-120 

Pyroxene nd-12 

Amphibole 2-50 

Olivine nd-5 

Magnetite 20-120 

Ilmenite < 1-5 


Gallium is seen to reach notable concentrations only in the feldspars, mica, 
amphibole, and magnetite. As was first pointed out by GOLDSCHMIDT and 
PETERS, this is because Ga replaces Al and Fe*® as a result of similar ionic sizes 
(0-62, 0-51, and 0-64 A respectively). The close geochemical coherence of Ga 
and Al has been commented on by numerous authors (e.g. GOLDSCHMIDT’). 
Since Gat is slightly larger than Al**, GOLDSCHMIDT’s camouflage principle 
would suggest that the Ga content of aluminous minerals might increase during 
differentiation. That this is true is shown by the Ga/AI ratios of the rocks already 
considered and by several mineral series in Table 8 (e.g. plagioclase, orthoclase, 
enstatite, and augite series reported by Howie). The camouflage principle is not 
universally valid, however, and numerous exceptions to it exist (see SHAW'?82)), 
It implies that Ga-bearing end-members of the solid-solution series in question 
have lower m.p. than the Al-bearing members (in addition to other requirements). 
However, this has been proved experimentally by GoLpsmiTH,'** 5”) who syn- 
thesized Ga feldspars and showed that the compound NaGaSi,Og, for example, 
melts at 1015°C, whereas albite melts at 1118°C. The magnetite series analysed 
by WAGER and MITCHELL and by Howle show also that Ga increases in later 
magnetites with respect to Fet®, which is fairly constant. However, the kinetics 
of crystallization of silicate melts are complex, as has been shown by NEUMANN, 
MEAD, and VITALIANO,"®®) and in the case of a minor constituent such as mag- 
netite the distribution of a minor element is controlled primarily by the amount 
going into abundant minerals, leading to enrichment or depletion of later 
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Table 8. Ga in Minerals other than Sulphides 


Ga 10,000 Ga/Al 





No. of 
samples 





Reference 





Range | Mean Range | Mean 


SILICATES 
Feldspars, feldspathoids, and related minerals 
K feldspar, P G&P 
K feldspar, H G&P 
K feldspar, Ig. 14 Nockoips & MITCHELL'®®) 
Orthoclase, Ig. 9 Howre!”®) 
Perthite, P 17 Hicazy‘*) 
Perthite Borovik & SoseDKo'?”) 
Alk. feldspar, P G&P 
Alk. feldspar, Ig. WEBBER'?49) 
Feldspar, P SHIMER'?®) 
Granite feldspar SHIMER'?26) 
Hyalophane G&P 
Bytownite, from 

anorthosite G&P 
Labradorite, from 

anorthosite G&P 
Labradorite, Ig. WALKER, VINCENT & 

| MITCHELL") | 
Plagioclase, Ig. | Nocxoips & MITCHELL” | 20-50 
Plagioclase, Ig. | WAGER & MITCHELL"? 35-200 
Plagioclase, Ig. Howte 20-45 
Albite | Borovik & SosEDKO"! 190-100 
Albite, H |G&P | 
Cleavelandite | G&P 
Cleavelandite _ | Hicazy'®® 
Pollucite | AHRENS"; 4) | 4-7 
Leucite, Ig. | |G&P 
Sodalite | |'G&P | 
Nepheline, P G&P | 44-74 
Nepheline | TOLMACHEV & FILIPOV, in | 
| | GoLpscHmipT®?) | 19-96 

Cancrinite | |_G&P | 
Cancrinite | Tsarovski'!*4) up to 710) 
Zeolites (general) H | | 444 
Zeolites (formed 

from nepheline 

rocks 
Laumontite, H 
Chabazite, H 
Analcite, H 
Prehnite, H 




















Micas and related minerals 
Lepidomelane,P | 1 
Biotite, P 
Phlogopite 


| 
Phlogopite | Borovik & SoseDKO'! | 
Biotite, Ig. NocKkoLps & MITCHELL" | 10-50 
Biotite, Ig. WEBBER '143) 21-120 | 
Biotite, Ig. Howre'”®) | 20-30 
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Table 8 (contd.)\— 





Mineral 


Reference 


Ga 


| 10,000 Ga/Al 





Range 


Mean 


Range 


Mean 





Biotite, Ig. & M 
Muscovite, P 
Muscovite 
Muscovite, M 
Paragonite 
Zinnwaldite, H 
Lepidolite, P 
Lepidolite 
Chlorite, M 
Chlorite, M 
Pyrophyllite, M 
Talc, M 
Halloysite, H 


Pyroxenes 
Augite, Ig. 


Augite, Ig. 
Augite, Ig. 


Augite, Ig. 

Augite, Ig. & M 
Aegirine, P 
Enstatite series, Ig. 
Enstatite series, Ig. 
Enstatite series 





Amphiboles 
Hornblende, Ig. | 
Hornblende, Ig. | 
Hornblende, M & Ig.' 
Alkalic hornblende, | 


Ig. 


Other silicates 
Opaline silica, H 
Silicified wood 
Olivine, Ig. 
Olivine 
Garnet, M 
Garnet, Ig. 
Titanite, Ig. 
Beryl, P 
Kyanite, M 
Kyanite, M 
Andalusite, M 
Andalusite, M 
Sillimanite, M 
Sillimanite, M 
Mullite, M 
Topaz, H 





DeVore‘ ®) 

G&P 

Borovik & SosEDKo!?!) 
DEVoreE‘®) 

G&P 

G&P 

G&P 

Borovik & SosEDKo'2!) 
G&P 

DeEVoreE‘*®) 

DeEVore'®) 

DeEVoreE'*®) 

TsAROVSKII 


NockoLps & MITCHELL'®®) 


WaGER & MITCHELL"!8?) 

WALKER, VINCENT & 
MITCHELL"4?) 

HowrE!”9) 

DeVore'®) 

G&P 

NocKko_Lps & MITCHELL'®® 

Howr!”®) 

DEVoreE'*®) 


NocKo.ps & MITCHELL'®®) 
HowrE'”®) 
DeVore‘) 


WEBBER"249) 


G&P 

G&P 

WAGER & MITCHELL"!8?) 
DEVoreE'*®) 

DEVoreE'®) 

HowrE!?°) 


Nocko.ps & MITCHELL'®®) | 


Borovik & SosEDKO'?!) 
G&P 

PEARSON") 

G&P 

PEARSON©) 

G&P 

PEARSON"2@) 
PEARSON'202) 

G&P 








| 
| 
| 
| 
| 
| 
| 
| 


20-68 
22-220 


36-112 


22-220 


33-46 
38-85 


<10-158 
46-200 
45-97 








| 
| 
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Table 8 (contd.)— 





10,000 Ga/Al 





Mineral Reference 
Range | Mean 





| 
Staurolite, M | 
Cordierite, M 
Axinite, H 


OXIDES 
Corundum, M PEARSON'2©2) 
Diaspore, M PEARSON!2©2) 
Diaspore, H G&P 
Chromite ore, Ig. G&P 4-7 
Gahnite Borovik & SosepKo'?”) | 
Gahnite PapPisH & STILLSON'*”) present | 
Spinel, Ig. Howre'?°) 
Magnetite, Ig. WaGER & MITCHELL"!37) 20-60 
Magnetite, Ig. HowrE!”®) 10-120 
Magnetite-ilmenite | 

ore G&P 
Fe oxides from 

dolerite, Ig. | WALKER, VINCENT & 

— Mitcuecr'#) 

Iimenite, Ig. | WaGER & MITCHELL"*?) 3-5 
Iimenite, Ig. Howte'? | 
Cassiterite Borovik & GoTMAN®® —_ present | 
in 10 























OTHER MINERALS | 
Lazulite | |G&P | 


Apatite, Ig. | 10 | Nockoips & MiTcHELL'® | 
| 1 | WaGer & MitcHeLi"*? 
Cryolite, P G&P 


Apatite, Ig. 





* Only one determination. 

t These figures are correct. The published figures are in error (DEVorE, personal com- 
munication). 

The letters Ig, P, H, and M refer to igneous, pegmatite, hydrothermal and metamorphic 
origins. ; 


magmas. WAGER and MITCHELL"%”) examine this problem by using the distribu- 
tion factors (ratio of amount of an element entering a mineral to the amount in the 
magma). For the magnetites in five successive stages of the Skaergaard complex 
the distribution factors are 1-0, 1-5, 1-4, 2-6, and 1-1. The first four magnetites 
show an increasing preference on the part of Ga to enter the mineral, followed 
by a decrease. The behaviour of an element is therefore difficult to understand 
from mineral analyses alone. 

In addition to analysing mineral series both NOCKOLDs and MITCHELL and 
WAGER and MITCHELL illustrate the division of the trace-element content of their 
rocks among constituent minerals. For example, the latter authors report the 
constituent minerals of a hortonolite ferrogabbro to contain the following Ga 
concentrations: plagioclase, 50 p.p.m.; hypersthene, 5 p.p.m.; olivine, 5 p.p.m.; 
ilmenite, 3 p.p.m.; magnetite, 30 p.p.m. The associations Ga-Al and Ga-Fet® 
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are again apparent. NOCKOLDs and MITCHELL show that, where a rock contains 
both plagioclase and potash feldspar, the former is two to three times richer in 
Ga. The variable Ga content of granitic rocks is probably related to this 
behaviour. Moreover, Ga is preferentially concentrated in muscovite, where 
present, and in biotite rather than potash feldspar. The relative affinity of these 
minerals for Ga is usually x 

muscovite > plagioclase > biotite > hornblende > potash feldspar 


The Ga content of pegmatite minerals seems to be rather variable, but 
aluminous varieties seem on the whole to carry more than the corresponding 
igneous minerals. Even so the figures seldom exceed 100 p.p.m., and the highest 
figure reported is 220 p.p.m. in muscovite. Recent studies by BELL'!”® show a 
definite Ga enrichment in pegmatite minerals. Amazonite averages 37 p.p.m. as 
against rock-forming orthoclase with 14 p.p.m.; lepidolite averages 69 p.p.m., 
against 19 and 29 p.p.m. in rock-forming biotite and muscovite respectively ; 
spodumene averages 33 p.p.m., against 5 p.p.m. for igneous pyroxenes. The 
behaviour of Ga during pneumatolysis and hydrothermal action is uncertain. 
Some minerals, such as the potash feldspar and albite analysed by GOLDSCHMIDT 
and PETERS (both 4 p.p.m.) are very low in Ga. Others, such as zeolites and 
opaline silica, are variable, and one diaspore analysed by the same authors 
contained 1500 p.p.m. GOLDSCHMIDT believed the products of alteration of 
alkalic rocks to be richer in Ga, but there is little support for this in the figures of 
Table 8. The diaspore mentioned previously and zeolites formed from nepheline 
rocks were both from the well-known Norwegian nepheline pegmatites at 
Langesundsfjord, and a cancrinite reported by Tsarovskii is also rich in Ga, but 
sodalite and the other cancrinite analysed show no special Ga concentration. 

GOLDSCHMIDT and PETERS also state that the Ga/Al ratio increases consider- 
ably in the series basic, silicic, hydrothermal minerals. Their figures for bytow- 
nite, nepheline, diaspore and silicified wood (recalculated) are 0-1, 1-7, 12-5, and 
770 x 10-* (Table 8). While these figures are valid it must also be stressed that 
the diaspore and silicified wood show uniquely high Ga (excluding sulphides), 
and most hydrothermal minerals do not conform to this pattern to anything like 
the same extent. The recent study of Coomss has already been mentioned and 
showed no unusual Ga concentration in hydrothermal products. 

GOLDSCHMIDT and PETERS also commented on the negligible Ga content of 
cryolite, which is rich in Al. This is related to the weaker bonding of the six 
co-ordinated ions with F as compared with O in silicates. The larger Ga ion is 
thereby rejected by the mineral structure and accumulates in the accompanying 
sphalerite. The affinity of Ga for Zn is marked and will be discussed later. At 
present it is sufficient to note that the tendency to accumulate in both Al and Zn 
minerals is shown by the presence of Ga in gahnite, the Zn-Al spinel, as reported 
by PAPISH and STILLSON and BorOVIK and SOSEDKO. 

In relation to the affinity of Ga and Fe, it is clear from the analyses of ilmenite 
and magnetite that the association is with Fe+® rather than Fet*. 

Numerous other papers referring to Ga in minerals of common rocks include 
ERAMETSA,) BOROVIK, LISUNOV, and SHCHERBINA,?) and BUTLER.'% 9) 


Products of Gradation 
Relatively little work has been done on the distribution of Ga in soils, sedi- 
ments, and related materials, but such data as are available (Table 9) confirms 
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that the geochemical coherence of Ga and Al persists in gradational processes, 
whereas there is no longer any correlation between Ga and Fet®. 

In several interesting papers BUTLER'® %°, 3) has studied the behaviour of 
trace elements during weathering and soil-profile development. In the Lizard 
district of England‘*®) and the Oslo volcanic region” it was found that Ga is 
lost relative to Al during weathering. Data on soil profiles from Lancashire) 
are given in Table 9. The profiles overlie various types of sedimentary rock and 
drift and all show an upward decrease in Ga, which is independent of drainage 
conditions. A similar study of the profiles above arkose in New Zealand has 
been made by McLAUGHLIN.'*) Ga shows very little variation in the silt and 
clay fractions, but due to changes in alumina the Ga/Al ratios show a relative 
concentration of Ga in surface horizons compared with the base of the profiles, 
where Al is concentrated in kaolinite. 

The twenty arable soils analysed by BERTRAND show unusually low Ga 
concentration. 

Among the residual sediments sandstone and arkose have variable but low Ga 
content, as might be expected. The bauxites are considerably richer and the 
figures of GORDON and Murata seem typical. They analysed the Arkansas 
bauxites which are derived from nepheline syenites and found the bauxite and 
bauxitic clay to be 4-3 times richer in Ga than the parent rock, whereas Al was 
only 2:7 times richer. The Ga content of bauxite is therefore considerable and in 
the Bayer process for the extraction of aluminium from bauxite the gallium can 
be recovered as a byproduct. 

Hydrolysate sediments such as ordinary clay and shale have a Ga content 
ranging from nearly zero to about 50 p.p.m. The rocks analysed by LEUTWEIN 
are an unusual group of siliceous and alum shales characterized by very high V 
and Mo content, and are somewhat enriched in Ga. The average of sixty-three 
samples of pelitic shale, slate, schist, and gneiss analysed by the writer was 
19 p.p.m. with a standard deviation of 6-3. This average will be taken as typical. 

Carbonate sediments and rocks are very poor in Ga, as are most other non- 
aluminous sedimentary materials. The average may be taken as 4 p.p.m. It is 
interesting to note the virtual absence of Ga in twelve marine iron ores analysed 
by GOLDSCHMIDT and Peters (0-4 p.p.m.), indicating the lack of geochemical 
coherence between Ga and Fe*? in sedimentary rocks. 

Some coal ashes appear to be enriched in Ga up to more than 600 p.p.m. The 
reason for this is obscure but is probably at least partially explained by the intake 
of Ga into plant tissue and subsequent accumulation and concentration, or 
precipitation under reducing conditions. Many other trace-elements are abun- 
dant in coal ash. 

Ga was not detected in marine evaporites by GOLDSCHMIDT and PETERS. This 
is not surprising in view of the low estimate of 0-0005 p.p.m. in sea water 
(HARVEY'®?)), 

The distribution pattern of most elements in sediments is determined by their 
ionic potentials (ratio ionic charge/ionic radius). Although first investigated by 
CARTLEDGE, this approach has been used most successfully by GOLDSCHMIDT, 
with later development by WICKMAN (see discussion in RANKAMA and SAHA- 
MA"10)), During: weathering Ga will remain in the trivalent state and will have 
an ionic potential of 4-8 (using AHRENS’s radii *’). By comparison the ionic 
potentials of Al and Si are 5-9 and 9-5. Accordingly these three elements will 
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tend to be transported as hydroxides (usually colloidal) and will accumulate as 
hydrolysate sediments unless some other process intervenes. Ga may differ from 
Al and Si, however, in that it may be precipitated in a reducing environment. The 
Ga/Al ratios of eighteen pelitic rocks showed a rather wide range in values 
(1-51 — 3-54 x 10-*) and the average was 2:21 x 10-*. To discuss the geo- 
chemical relations between the average igneous rock and the average shale it is 
necessary to compute Ga/Al from the average Ga and Al values, however. The 
following figures are used: Ga content of both the average igneous rock and the 
average shale, 19 p.p.m. (this paper); Al,O, in the average igneous rock, on a 
water-free basis, 15:22 per cent (WICKMAN, in SHAW'!*5)); AJ,O, in the average 
shale, on a water-free basis, 17-70 per cent (SHAW"*5)), From these figures the 
Ga/Al ratios are 2:36 and 2:03 x 10~* for igneous rock and shale, respectively. 
Thus there is a slight decrease in Ga with respect to Al in the main sedimentary 
processes. This is also shown by the enrichment factors of shale relative to 
igneous rock, which are 1-0 and 1-16-1-34 for Ga and Al respectively.2?) This 
contrasts with bauxite formation, where the reverse is the case. The difference 
may be connected with the relation of gallium-hydroxide solution and precipita- 
tion to the pH of the waters concerned. 

GOLDSCHMIDT and Peters showed that Ga is virtually absent in marine iron 
ores, a deep-sea manganese nodule and manganese oxide ores. There is there- 
fore no tendency for the element to be precipitated in regions of high redox 
potential. 


Biogeochemistry 


Little is known of the place of Ga in the organic cycle. It has been reported 
as essential to Aspergillus niger by STEINBERG,"!*®) and HUTCHINSON and 


Wo Lack") found 0-1-0-2 p.p.m. in the dry plant-material of two species of 
Lycopodiaceae. Ga has been reported in petroleum ash by KATCHENKOV'”*) and 
Borovik and BoROVIK-ROMANOVA"® mention that it has been detected in 
numerous vegetable food-stuffs and hens’ eggs. 


Metamorphic Rocks 

The scanty data available are presented in Table 10. Metamorphosed pelitic 
rocks are virtually identical in Ga content with the unmetamorphosed varieties, 
and statistical tests showed no apparent migration of Ga during metamorphism 
of the New Hampshire shales (SHAW). In contrast with these results 
Hicazy‘®) analysed five specimens of schist from the Scottish Highlands, one 
from each metamorphic grade. The trace-element analyses appear to show a 
variation depending on the degree of metamorphism. However, the small 
number of samples invalidates these conclusions. SAHAMA’s Lappland schists 
appear to be rich in Ga, as do most of the other rocks in the area, which might 


imply a systematic error. 


Sulphides 

The chalcophile behaviour of Ga has already been mentioned, and some of 
the data concerning the distribution in sulphides is presented in Table 11. In 
addition to the references in this table there are papers by BECK,’ PILIPENKO, 20) 
SCHROLL,"4®) Morris and Brewer,'*®) and numerous earlier authors. The 


occurrences in sphalerite will be examined first. 
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Table 10. Ga in Metamorphic Rocks 





Rock type 


No. of 
samples 


Ga 


10,000 Ga/Al 





Reference 


Range 


Range | Mean 





Eclogite | 

Pelitic hornfels and 
schist 

Schist 

Schist 

Greywacke schist 

Pelitic schist 

Shale, schist, gneiss 

Epidiorite-chlorite 
skarn series 

Quartzite-schist 
series 








‘G&P 


Nocko.ps & MITCHELL'®®) 
SAHAMA"?4) 

Hicazy'‘®) 

Hicazy'®”) 

Hicazy'®®) 

SHAWw"2%4) 


Hicazy'®) 


Hicazy‘) 

















* See footnote to Table 9. 





Table 11. Ga in Sulphides and Related Minerals 


| No. of 


Mineral 
| 


| samples 


| 


Reference 


Ga 





| 
| Range 
| 


| Mean 





Sphalerite 
Sphalerite, Ivigtut 
Sphalerite 
Sphalerite, Pyrenees 
Sphalerite, URSS. 
Sphalerite, Italy 
Sphalerite, Norway 
Sphalerite 


Sphalerite 
Sphalerite 
Sphalerite 
Sphalerite 


Germanite, Tsumeb, S.W. 
Africa 

Germanite, Tsumeb, S.W. 
Africa 

Galena 

Lead ores 

Galena 


Pyrite 
Pyrite 


Marcasite 
Chalcopyrite 


Pyrrhotite-pentlandite, 
Norway and Sudbury 





80 
1 
18 


| PaPisH & STILLSON'®”) 
G&P 

GRATON & HARCOURT?) 
Borovik & SosEDKO'??) 
Borovik & SoseDKo!2) 
CamBI & MALATESTA‘ ?) 
OFTEDAL'®) 

Borovik, LIsuNOV & 

| SHCHERBINA'??) 

| STOIBER'29) 

| Evrarp‘??2) 

| GABRIELSON"®) 

WARREN & THOMPSON'?!2) 





Moritz, in G & P 


Borovik & SoseDKo!2) 

Evrarp'?) 

AZCONA"®) . 

Borovik, LisuNov & 
SHCHERBINA'22) 


Borovik, LISUNOV & 
SHCHERBINA'22) 

HowrE'”®) 

Evrarp'??) 





| Borovik, LIisuNov & 
| SHCHERBINA'??) 


(G&P 


present in all 
| present in 12 
1500-2300 
1-10 
150-300 
10-1000 
up to 1000 
present in 50 
present in 4 


| present in 33 


present in 2 
present in 120 


up to 500 


up to 100 


not present 





up to 100 


50 
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Most of the work on Ga in blende has been semiquantitative, and it is generally 
found that most samples contain detectable amounts. PAPISH and STILLSON 
record the presence of Ga in all the sphalerites examined, and give a good review 
of the earlier literature. GOLDSCHMIDT and Peters’) found appreciable Ga in a 
sphalerite from Ivigtut, which is accompanied by Ga-free cryolite, as previously 
mentioned. GRATON and HARCOURT examined six sphalerites from veins of 
magmatic affiliation, seven from the Mississippi valley deposits, and three from 
the Belgium-Prussia-Westphalia-Silesia province. Twelve of these contained Ga 
and the highest concentrations appeared to be in the Mississippi ores. BOROVIK 
and SoseDKO found high concentrations in deposits from the Pyrenees. OFTEDAL 
found that among numerous Norwegian sphalerites the specimens from the 
Oslo contact deposits and the nearby nepheline syenite pegmatites were nearly 
Ga-free (1-10 p.p.m.), whereas the deposits of lower-temperature origin usually 
were richer in Ga (1-1000 p.p.m.). In a very interesting paper STOIBER found 
somewhat similar results. Thus, of twelve high-temperature specimens all con- 
tained < 100p.p.m. Of twenty-four medium-temperature deposits Ga was 
always < 100p.p.m. and only detected in seventeen. Of thirty-nine low- 
temperature varieties twenty-eight contained Ga and most of these were in the 
range 100-1000 p.p.m. with two up to 1 per cent. STOIBER also confirmed 
GRATON and HARCourRT’S findings that the Mississippi valley ores were rather 
rich in Ga (and low in Tl), whereas the similar north Europe varieties were low 
in Ga (and rich in Tl). This regional variation was examined further by EVRARD 
and by WARREN and THOMPSON. Evrard showed Ga to be present in only four 
out of twenty-one north European sphalerites (mostly from Belgium). WARREN 
and THOMPSON analysed many samples, including 122 from western Canada. 
Of these only eleven had traces of Ga, and they conclude that western Canada is 
a metallogenetic province which is low in Ga. They believe Ga to be concen- 
trated most in medium-temperature veins. GABRIELSON studied seventy-eight 
Swedish specimens, and concluded that Ga is concentrated in low-temperature 
deposits. 

The concensus of opinion is therefore that Ga is a common minor constituent 
of sphalerite and is preferentially concentrated in low-temperature varieties. 
The manner of occurrence is discussed in most of the papers referred to above. 
GOLDSCHMIDT and PETERS suggested that Ga replaces Zn as a solid solution of 
GaAs. Others have suggested solid solutions of GaSb and GaP. All these 
compounds are known to have the same structure as ZnS. Alternatively the Ga 
may replace Zn and be in solid solution as GaS. From the analyses of sphalerites 
for both Sb and As, in addition to Ga, WARREN and THOMPSON point out that of 
thirty-three Ga-bearing specimens only nine contained As and fifteen contained 
Sb, in detectable amounts. They doubt that solid solution of GaAs or GaSb is a 
likely explanation. In a recent paper with a good historical review Morris and 
BREWER'®®) also examine this problem. They point out that GaAs and ZnS have 
similar cell-edge dimensions (5-63 and 5-43 A), and that isomorphic substitution 
is therefore possible, but mention that Ga is more likely to be present as the 
sulphide, which has been shown by HAHN and KLINGER to be isomorphous with 
ZnS with cell-edge 5-17 A. This was examined experimentally by precipitating 
sulphides with hydrogen sulphide. A solution of Ga and Zn salts was prepared, 
with acidity sufficient to prevent the precipitation of GaS in the absence of Zn. 
The precipitated sulphide was mainly ZnS, but Ga was present. They conclude 
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that Ga is present in blende as a solid solution of the sulphide of either Ga** or 
Ga*s. (This experiment was first carried out by BOISBAUDRAN, who reported 
similar results in 1877.) 

Data are rather scanty on other sulphides and sulpho-salts. Two analyses of 
germanite, however, show the highest Ga content of any mineral (up to 1-85 per 
cent). Ga is often present in galena, pyrite, and chalcopyrite, but was not found 
in marcasite from the Belgian occurrences studied by EvrARD. Nor was Ga 
present in the pyrrhotite-pentlandite ores associated with basic rocks examined 
by GOLDSCHMIDT and PETERS. 

It is clear that the chalcophile behaviour of Ga is dominated by its similarity 
to Zn. During the weathering and supergene alteration of Zn ores, and in their 
metamorphism, various other Zn minerals are commonly formed and might be 
expected to contain Ga. Qualitative analyses by PAPISH and STILLSON of numer- 
ous samples of calamine, smithsonite, zincite, hydrozincite, and other minerals 
showed no detectable Ga, however. In gahnite, which contains both Al and Zn, 
Ga was found in all specimens analysed. It is clear that the coherence of Zn and 
Ga is weak and is mainly restricted to sulphides. In gahnite the Ga more 
probably follows Al. 


INDIUM DISTRIBUTION 


Igneous Rocks and Minerals 


The figures for igneous rocks presented in Table 12 are rather difficult to 
interpret, and it is not possible to find any clear pattern of distribution. Thus 
there is no correlation of In content with light mineral content, since the anortho- 
sites, alkalic rocks, and granites have variable values. Nor is there any tendency 
for In to accumulate in the mafic minerals, since the ultramafic rocks and basic 
rocks also show about the same variation. PREuss’s figures show an apparent 
enrichment in granite relative to gabbro, but HORMANN and GOLDSCHMIDT 
believe that In is enriched in the pyroxene-rich basic rocks. The writer’s figures 
suggest that neither is correct, although the highest found was in a granite. 
Undoubtedly it is necessary to obtain greater sensitivity in analysis (the writer’s 
sensitivity limit was about 0-02 p.p.m.) before the matter can be resolved; but 
before further comment the minerals of igneous origin will be examined (Table 13). 

The same situation prevails. Thus neither ERAMETSA nor the writer found In 
to be present at detectable concentrations in quartz, feldspars, feldspathoids, 
zeolites, olivine, apatite, zircon, or ilmenite. Biotite, magnetite, and pyroxene 
may contain very small amounts, however. Chlorite analysed by the writer 
showed no In, nor did ERAMETSA’s samples. However, ERAMETSA analysed 
twenty-six “serpentines”, and although twenty-two contained no In, three con- 
tained from 1 to 10 p.p.m. and one contained 500 p.p.m. Muscovite appears to 
carry In in some cases, and AHRENS and LIEBENBERG"!*) have commented on the 
sympathetic relation between Sn and In in mica. Amphiboles sometimes con- 
tain In and one sample analysed by ERAMETSA was reported to contain the 
astonishing amount of 0.1 to 1 per cent. This is most unlikely and needs 
confirmation. This erratic pattern of distribution is most unsatisfactory. 

It is possible that the distribution of In in igneous rocks and minerals is in 
part governed by iron. The radii of In+® and Fe+? are 0-81 and 0-74 A respec- 
tively. In accordance with this is the presence of In in magnetite, pyroxene, 
amphibole, and biotite. The biotites analysed by OTTEMANN showed the highest 


"i 
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Table 12. In in Rocks 





Rock type 


No. of 
samples 


Reference 





Anorthosite 
Ultramafic 
Pyroxenic basic rock 
Gabbro, Germany 
Gabbro, Russia 


Basalt-gabbro 
Andesite-diorite 
Monzonite 
Syenite, etc. 
Tonalite, etc. 
Granite, Germany 
Granite, Russia 


Granite-rhyolite 
Nepheline syenite 


Alkalic rock 


Sandstone, Germany 
Sandstone 

Shale, Germany 
Clay, Russia 


Shale, etc. 

Deep-sea clay 

Siliceous deep-sea ooze 

Carbonate rock and deep- 
sea calcareous 00ze 

Marine evaporite 

Fe-Mn-rich deep-sea ooze 

Deep-sea Mn nodule 

Carbonaceous sedimentary 
rock 

Pelitic slate-schist series, 
New York State 

Feldspathic gneiss series, 
Wyomin 

Feldspathic gneiss 
Greenland 

Amphibolite, Finland 


series, 





| 


S1 





| Sl 
| BOROVIK, PROKOPENKO & 


Sl 

H&G 

Preuss'195) 

BOROVIK, PROKOPENKO & 
POKROVSKAYA'29) 

Sl 

Sl 

PROKOPENKO!29) 

Sl 

Sl 

Preuss'295) 


| BOROVIK, PROKOPENKO & 


POKROVSKAYA'29) 


POKROVSKAYA'2?) 


Si 


| Preuss'195) 
| Sl 
| Preuss'1°) 


BOROVIK, PROKOPENKO & 
PoKROVSKAYA'?*) 

Sl 

Sl 

Sl 


Sl 
Sl 


| SI 


Sl 


| Sl 


$i 
| $1 
SI 


Sl 





*Composite. 
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Table 13. In in Minerals other than Sulphides 


In 


eee Reference 





Range 





SILICATES 


Microcline 
Potash feldspar 
Nepheline 
Feldspathoids 
Scapolite 
Zeolites 
Muscovite 
Muscovite 
Muscovite |H&G 
Dark mica |E present in 1 
Biotite | OTTEMANN'*) present | 
Biotite, Phlogopite Si | 
Lepidolite | Sl | 
Chiorite | E | 
| 








RRRRRRRRR-R 


| present in 1 
SI | nd-45 





oN 
Aw 





SOM NOUNON HK WUDAADAQA = 


—_ 


RAR 


Chlorite | $1 | 

Serpentine | E | present in 4, 

Kaolin E | 

Kaolin SI | nd-O12 | 
| 


N 


— 
SNNANRK CRhUBRNNAK Re LD 


up to 500 p.p.m. 
nd 


0-06 
Prehnite E 
Pyroxene 
Pyroxene 
Amphibole 
Amphibole 
Amphibole 
Wollastonite 
Olivine 
Garnet 
Garnet 
Epidote family 
Epidote 

. Cordierite 
Staurolite 
Staurolite 
Kyanite family 
Topaz 
Vesuvianite 
Titanite 
Titanite 
Zircon 
Zircon 


| nd 

| E nd 

Si | ad-O31 | 0-091 

| E present in 3, up to 10 p.p.m. 
E (0-1 p.p.m.—1% 
S1 | — nd-5-8 2:9 
E ve nd 

| Sl | | nd 

| E | present in 8, lup to 10 p.p.m. 

| SI | 0026018 | 0-10 

| E present in 7, up to 10 p.p.m. 
S1 | | 0:59 

| E ' | nd 

E nd 

SI 0-011 


— 


Ww 


_ 


—_ 
ROR NF NOK NA OW 


nd 

nd 

present in 7, jup to 10 p.p.m. 
| nd 


— 
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Table 13 (contd.)— 








Reference 





OXIDES etc. 


Opal 
Spinel 
Magnetite 
Magnetite 
Ilmenite 
Hematite 
Hematite 
Goethite 
Limonite 
Limonite 
Pyrolusite 
Cassiterite | BREWER & BAKER'®) upto 100 | 
Cassiterite |'H&G 0:5-10 
Cassiterite | iE | nd-10 
Cassiterite | Borovik & GoTMAN'°) present | 
Cassiterite PROKOPENKO'!6) present | 
Cassiterite ITzIKsON & RusaNov'”®) | 10-1000 
Cassiterite AHRENS'®?) | 

Cassiterite ANDERSON"#) | present in 16 
Nb-Ta-Ti oxides E | present in 22, | up to 100 ppm 


0:071-0-12 


—_ 
—e ON NNN OO = 











a 


OTHER MINERALS 
Wolframite E | 
Wolframite H&G present 
Scheelite E 
Carbonates 
Cerussite 
Fluorite 
Halides 
Apatite 
Apatite Sl 

Triplite E 

Triplite H&G present 
Triphylite E 
Monazite-xenotime E present in 2 
Jarosite PROKOPENKO") present in 10 
Graphite E 
Graphite S1 nd-0-028 


E 
PROKOPENKO"? | present in 4 
E | 

SI 

E 


NH — 
NRK AWW OWNN 


N 
NO © CO W 
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(qualitative) values of all the minerals he examined. However, a camouflage by 
iron does not explain the presence of In in muscovite. If instead Fet® (radius 
0-64 A) was in control one would expect In in haematite and chlorite. Above all 
there is no consistent pattern to the distribution. 

Accordingly, the writer suggested") the possibility that the In of igneous 
rocks is concentrated in the accessory sulphides. The normal accessory sulphides 
of igneous rocks are pyrite, pyrrhotite, and chalcopyrite, and they seldom 
comprise more than 1-2 per cent of the rock. If their In is the main contributor 
to the In content of the whole rock, then they must contain at least fifty times the 
amount of the average rock (0°11 p.p.m., see later). That is they must contain 
at least 5p.p.m. On a later page it will be shown that pyrite and pyrrhotite 
probably cannot meet this demand, but chalcopyrite undoubtedly can, since 
ERAMETSA reports it to contain up to 1000 p.p.m. The writer believes that most 
of the In in an igneous rock is therefore present in chalcopyrite or some other 
suitable sulphide. The erratic distribution pattern therefore might be explained, 
since by no means all igneous rocks contain chalcopyrite, which may either be 
primary or hydrothermal. A small amount of chalcopyrite introduced into a 
consolidated rock may give it an In content which is much higher than usual. 
The In content of the common mineral constituents is then below the normal 
analytical sensitivity in most cases, and its lithophile affinity is low. 

The question then arises as to the reason for the apparent enhanced In content 
of igneous minerals such as muscovite, serpentine (four cases), and amphibole. 
The last two, in the writer’s opinion, may turn out again to be due to accidental 
admixture of sulphides as inclusions, but in the case of muscovite there is a 
definite Sn-In relationship which will be dealt with shortly. 

Turning next to pegmatitic and hydrothermal minerals, we find there is a 
definite enrichment in cassiterites, complex Nb-Ta-Ti oxide minerals, and one or 
two others. The report of 1-0 to 2:8 per cent In in a pegmatitic cordierite from 
Utah") may be dismissed as probably erroneous. The complex oxides contain 
up to 100 p.p.m. GoLpscHMipT'®) and Maric'® report In as occurring in 
tungsten minerals such as scheelite and wolframite, but figures are not available. 
The occurrence of In in cassiterites and other Sn minerals is well substantiated. 
HoRMANN and GOLDSCHMIDT reported 0:5 to 10 p.p.m., and ERAMETSA found 
similar values. BREWER and BAKER found up to 100 p.p.m. and ITZIKsoN and 
RuSsANOV found up to 1000 p.p.m. The latter authors and BOROVIK and GOTMAN 
both found the greatest concentration in wood-tin, and the least in pegmatitic 
cassiterite. The single sample analysed by AHRENS'® contained very little In and 
was pegmatitic. Both AHRENS and LIEBENBERG"”) and OTTEMANN'®®) showed this 
Sn-In association in silicates. BREWER and BAKER also analysed several complex 
sulphide minerals and found cylindrite and franckeite (Sn-bearing) to contain 
from nearly 0-1 to 1 per cent In, although others, such as teallite and stannite, 
contained only traces. They conclude that the elements of the second long 
period of the periodic table (including Ag, Cd, In, Sn, and Sb) tend to associate 
together, as do those of the first. They mention that germanite, for example, in 
addition to containing Ge has also sixteen other of the chemically active elements 
of the first long period (as well as several from the second). 

The reason for the Sn-In association is not certain. In some cases it may be 
due to the chalcophile tendencies of these elements, but this is difficult to extend 
to cassiterite. It could be argued that they tend to be transported in hydrothermal 
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solutions along with other chalcophile elements but then deposit as oxide, but 
this is not entirely convincing. The problem cannot, however, be solved by any 
radiogenic origin by decay of Sn™* to In" or vice versa. EASTMAN'®) suggested 
the decay of Sn to In but MARTELL and Lissy‘*”) have shown that although there 
is a decay it is in the reverse direction and has in any case a half-life of 
6+2 x 10" years. 

ANDERSON has also presented evidence regarding the Sn-In association, from 
analyses of cassiterites and of metallic tin extracted from cassiterites. The 
samples came from Australia and Tasmania and are believed to indicate the 
existence of indium provinces, that is regions of the crust where minerals are 
enriched in In beyond the normal distribution pattern (if any). ERAMETSA 
believed the PITKARANTA region to be a similar In province. That geochemical 
provinces of this type occur is well known, as STOIBER has shown (see p. 187 and 
p. 202). However, it seems to the writer that such possibilities should only be 
considered when the geochemistry of an element is well-enough known for 
regional variations to be distinguished from genetic ones. At the present time 
this is not the case with In. 

No features of interest are shown by other nonsulphide minerals in Table 13, 
excepting the fact that In seems to occur in Fe-bearing metamorphic minerals 


such as garnet and epidote. 


Sedimentary Materials 
By contrast with igneous rocks, many of the sedimentary samples analysed by 
the writer contained detectable indium (twenty-four out of forty). These results 
are summarized in Table 12 along with the few figures available in the literature. 
Consideration of the chemistry of In suggests that during weathering processes 


the element remains in the oxidized state (In*+*). The ionic potential accordingly 
is 3-7, suggesting that In will be transported as the hydroxide, which is relatively 
insoluble. Any In present might thus be expected to accumulate in hydrolysate 
sediments. This seems to be the case. The few carbonate rocks and sandstones 
analysed by the writer were devoid of In, although Preuss found 0:3 p.p.m. in a 
composite sample of German sandstones. The last is not very significant and 
could be accounted for by a little sulphide of detrital or supergene origin. Most 
shales and clays, however, contain a little In. 

GOoLDscHMIDT'®) mentioned the presence of In in marine phosphates and 
sideritic carbonates, where the metal is presumed to replace Fe. 

The In content of the average pelitic rock may be taken as 0-054 p.p.m., 
although BoROVIK, PROKOPENKO and PoKROvSKAYA found no In in a composite 
of sixteen Russian clays, or in another composite of twenty present-day muds. 
The fact that most of the writer’s pelitic samples contained detectable In suggests 
that, although the values in igneous rocks are very erratic, these differences are 
smoothed out in the processes of gradation. 


Metamorphic Rocks 

It is interesting to note that most of the analyses of metamorphic rocks 
reported in Table 12 showed In to be present (fourteen out of twenty-three). In 
the case of the New York State pelitic rocks this is understandable, since they 
are metamorphosed shales. The rocks from Greenland and Wyoming, however, 
are mostly quartz-feldspar gneisses of uncertain origin. Their high averages may 
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be due to introduction of In from elsewhere, perhaps in a suitable sulphide, 
during metamorphism or subsequently. The In may alternatively be carried in 
garnet or epidote where present. 


Table 14. In in Sulphides 





No. of In 


samples | 





Mineral Reference 


Range 





Sphalerite | ZACHAROV & YUSHKO!4®) 
CamBi & MALeTEsTA‘?) 70-120 
GraTon & Harcourt) | present in 13 
Beck"? 
E nd-5000 
STOrBER'29) nd-1% 
OFTEDAL'®) 10-700 
Evrarp‘?) present in 1 
| GABRIELSON“*®) 
WARREN & THOMPSON"#?) 
S1 
ANDERSON"#) nd-800 
Galena E 
Azcona"®) 
S1 
| ANDERSON"4) 
Pyrrhotite E 
Pyrrhotite S1 
Pyrite, marcasite E 
Pyrite, marcasite | Si 
Arsenopyrite, lollingite | E 
Arsenopyrite, lollingite ANDERSON"*? 





present in 41 





R & 


| present in 166 


2 
\o 
— 


present in 7 





RAR 


Chalcopyrite 
Chalcopyrite 
Chalcopyrite 
Chalcocite 
Bornite 
Bornite 
Tetrahedrite 
Tetrahedrite 


N 


E 


| SI 
| ANDERSON") 


ANDERSON"#) 


| E 
| ANDERSON'?4) 


E 
ANDERSON") 


nd-1000 


trin 1 
| present in all 
1-1000 


5-10 
present in 1 


- 
co 


| E 

| Sl 
ANDERSON") 
BREWER & BAKER'5) 0-1-1% 

| BREWER & BAKER‘25) <1000 
BREWER & BAKER'”) 
ANDERSON"#) 


Molybdenite 
Molybdenite 


NK WRNUANDAAN KS NAUNAWb 


present in 1 














Sulphides 

The available data are mostly summarized in Table 14. It is unfortunate that 
so much of the work has been qualitative. 

Sphalerite is the most common In-bearing mineral. After the original 
discovery of In numerous authors have recorded its presence in sphalerite. In 
addition to references in Table 14, there are HARTLEY and RAMAGE,‘®) PROKO- 
PENKO,"°6) SZELENYI and VoGL,"3)) PrLIPENKO,"°) and SCHROLL,“!® ERA- 
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METSA’s determinations showed only two samples out of forty to contain less 
than 1 p.p.m. The maximum was close to | per cent and the average about 
100 p.p.m. Generally similar results have been obtained by others, and several 
workers have noted a correlation between colour and In content. Light-coloured 
blendes are usually low in In, whereas the darker marmatites contain more. 
ANDERSON found a light-coloured variety (Broken Hill, Australia) to be the 
richest of all samples he analysed, but this was a colloform mineral of secondary 
origin. STOIBER’S analyses suggested In to be concentrated preferentially in 
sphalerites from medium-temperature deposits, as had been suggested previously 
by OFTEDAL who found the Norwegian Caledonian sphalerites to contain more 
than the contact deposits of the Oslo district. The same conclusion was reached 
also by WARREN and THOMPSON. 

Galena commonly contains In also, but apparently in lesser amounts. Where 
galena and sphalerite occur together either one may be the richer in In, according 
to ANDERSON. 

The iron sulphides and arsenides show a uniform absence of In, which is most 
unusual if the In-Fe diadochism is supposed to play an important part in deter- 
mining the distribution of In. However, AUGER"®) recorded the presence of In 
in pyrite from Noranda, Quebec. Cu minerals usually contain some In, however, 
and ERAMETSA found up to 1000 p.p.m. in chalcopyrite and bornite. ANDERSON 
records these minerals as containing no more than traces of In. His limiting 
sensitivity was, however, about 5 p.p.m. GAVELIN and GABRIELSON'”) detected 
no In in numerous pyrite, pyrrhotite, arsenopyrite, and chalcopyrite samples. 

Some data on In in the so-called sulphosalts are included in Table 14. The 
very high figures which BREWER and BAKER found for cylindrite and franckeite 
have already been mentioned: germanite is also rich in In. ANDERSON found In 
to be present in some tetrahedrites, enargites, and stannites, but absent in 
sulvanite, bournonite, and boulangerite. HORMANN and GOLDSCHMIDT and 
PROKOPENKO also found In in stannite. 

ANDERSON has an interesting discussion of the reasons governing the occur- 
rence of In in sulphides and sulphosalts. He points out that ionic radii are not 
appropriate for discussion of the camouflage, since the bonding is covalent or 
metallic. “The most important factor is the availability of bond orbitals suited 
to the stereochemical arrangement imposed by the host mineral” (14, p. 233). 
There is also no close necessity for achieving electrostatic balance in the mixed 
crystal. The principal In-bearing minerals are sphalerite, chalcopyrite, tetra- 
hedrite, stannite, and enargite, and are all based on cubic closepacking of S 
atoms, with the metal atoms at points of tetrahedral co-ordination. Evidence 
is adduced that In,S, crystallizes in similar sphalerite and wurtzite modifica- 
tions, where the In-S distance is greater than the Zn-S, Cu-S, or Fe-S bond- 
lengths. The closest agreement among stable structures is with the Sn-S 
distance. This occurs in stannite, cylindrite, and franckeite which are among 
the best In collectors. However, it should be mentioned that Sn-S bonds are 
also present in teallite, which BREWER and BAKER found only to contain traces 
of In. ANDERSON states that no data are available regarding InS or In,S, but that 
if the In is present in a lower valency than three the bond-lengths would be 
greater, thus favouring this argument. Minerals of this type with short M-S 
bond-lengths would thus be poor hosts to In. With regard to galena, with 
a long Pb-S bond-length and octahedral co-ordination, ANDERSON suggests that 





196 


Denis M. SHAW 


In occupies interstitial tetrahedral sites. As far as sphalerite is concerned, the 
similarity of structure and bond-length to the metastable sphalerite-type modifi- 
cation of In,S, suggests that isomorphism would be expected. 

Products of alteration of Pb-Zn minerals were also analysed by ANDERSON. 
He found In to be present in cerussite and one specimen of pyromorphite. 
PROKOPENKO found In present in four out of twenty-nine cerussites. 


Table 15. Tlin Rocks 





Reference 





Range 





Anorthosite 
Ultramafic rock 
Gabbro, Germany 
Basic rock 
Andesite-diorite 
Syenite, etc. 
Tonalite, etc. 
Granite-liparite 
Harz granite 
Granite, Germany 
Granite-rhyolite 
Alkalic rock 


Sandstone, Germany 
Sandstone 

Shale, Germany 
Argillaceous rock 
Clay, shale 
Carbonaceous rock 
Deep-sea siliceous 00ze 


Carbonate rock and calcareous | 


ooze 
Marine evaporite 
Present-day ocean salts 
Fe-Mn deep-sea ooze 
Mn-nodule, deep-sea 


Pelitic slate, schist, gneiss series, 
New York State 

Feldspathic gneiss series, 
Wyoming 

Feldspathic gneiss series, 
Greenland 

Amphibolite 








$2 
| $2 
| 





| $2 
| $2 
| Preuss'19) 
82 
82 


S2 


| $2 


H&G 
OTTEMANN'®®) 


| Preuss'29) 


Preuss?) 


| CANNEY'3) 


S2 
$2 
S2 


S2 


| $2 


S2 
S2 
S2 
S2 


S2 


| 


| 
| 


tr-0-029 
nd-0-13 


nd-0-46 

nd-0-30 
1-1-1-7 

0:29-0:51 
0-5-1-0 
1-0-2:1 
1-4-6°4 
1:4-7:2 
0-17-1:3 


nd-3°1 
nd-3:1 


nd-0-16 


0:27-1-9 
tr-0-90 
0-026—1-1 








THALLIUM DISTRIBUTION 


Igneous Rocks and Minerals 


By contrast with indium, thallium shows a regular distribution in igneous 
rocks. By contrast with gallium the regularity is not featureless. 

The figures in Table 15 show T] to be an element which is present in cafemic 
rocks at very low concentrations but shows a steady rise to a maximum in 
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granitic and alkalic rocks.* Examination of individual analyses and those of 
silicate minerals show the concentration to follow that of potash, and it is clear 
that TI*1 is camouflaged in K+! minerals (radii 1-47 and 1-33 A respectively). 
The small quantities detected in anorthosites, ultramafic rocks, basalts, and 
gabbros introduce the question of whether the thallium is here following potas- 
sium, or whether it is present in the oxidized state as TI**. The radius of this ion 
(0-95 A) is such that it could be camouflaged by Cat? and thus be held in plagio- 
clase, pyroxene, amphibole, etc., as suggested by OTTEMANN.'°® However, the 
Fet3/Fet? ratios of igneous rocks show them to be formed in rather strong 
reducing conditions where Tl*® would probably not be stable. 

The average basic rock contains rather less Tl than the composite analysed by 
Preuss. The figures of HORMANN and GOLDSCHMIDT are similar to the writer’s 
average for granite and rhyolite, but a little less, as also is the average Harz 
granite reported by OTTEMANN. A sample of a pegmatite dyke from Finland 
analysed by the writer contained 33 p.p.m. This shows strong enrichment and 
will be considered later. It should be noted that the progressive increase in Tl 
from basalt to granite is consistent with a hypothesis of evolution of igneous 
rocks from a rather basic magma. This course of events has certainly taken place 
in some localities and, whereas it has equally certainly not taken place in all, 
it is interesting that the Tl contents of both volcanic and plutonic rocks are 
similar. In relation to the enhanced Tl content of acid volcanic rocks it 
should be mentioned that Zies'!#, 4) records the presence of Tl in fumarolic 
deposits from Katmai, Alaska, where Tl has presumably accumulated in the 
rest-magma. Similar circumstances have been reported from Stromboli (in 
RANKAMA"®8)), 

The concentration of T1 in high-silica rocks becomes even more pronounced in 
pegmatites and will be dealt with in the following discussion of igneous minerals. 

Analyses of some nonsulphide minerals are presented in Table 16. Leaving 
the feldspars to the last it may be noted that mafic minerals such as olivine, 
pyroxene, and amphibole are generally unreceptive to Tl, only the last containing 
appreciable amounts. It is possible that in these minerals the element is present 
in the oxidized state. Accessory constituents such as zircon, magnetite and 
titanite usually contain a little Tl. In all these minerals except olivine, zircon, 
and magnetite, TI** is probably camouflaged by Cat*?. 

Among the phyllosilicates, chlorite and kaolin are virtually free of Tl, as might 
be expected. The micas, however, are almost all enriched, being potassic minerals. 
Both muscovite and biotite have values which range up to at ‘east 100 p.p.m., 
but the Li micas are clearly the richest. Among the lepidolites analysed by 
AHRENS the richest contained 270 p.p.m., whereas the richest Li-rich dark mica 
contained 380 p.p.m. Most of the samples recorded in Table 16 are pegmatitic, 
and the later pegmatitic varieties (Li-rich) show the most extreme enrichment. 

Quartz contains no detectable Tl, but other tectosilicates usually do. Plagio- 
clase feldspar carries minor amounts usually, and the only sample analysed by 
the writer with a noticeable enrichment was a pegmatitic cleavelandite (6-8 p.p.m.). 
Potash feldspar, however, shows widely variable figures, ranging from < | to 
nearly 200 p.p.m. The potash feldspars from granite, analysed by AHRENS, 
average 0°8 p.p.m., and the amount increases in early pegmatite varieties to as 


* Samples analysed by the writer for Tl are the same ones as those in which In was 
determined. 
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Table 16. Tl in Minerals 





Mineral 


| 
| 


No. of | 


| 


samples | 


Reference 








SILICATES 
Quartz 

Quartz 

Plagioclase 
Plagioclase 
Plagioclase 

K feldspar 

K feldspar 

K feldspar, granitic 


K feldspar, early pegmatitic | 


K feldspar, hydrothermal 
pegmatitic 

K feldspar, late pegmatitic 

K feldspar 

Leucite 

Leucite 

Nepheline 

Pollucite 


Pollucite 
Muscovite 
Muscovite 


Muscovite 
Muscovite 
Zinnwaldite 
Lepidolite 
Lepidolite 
Li-rich biotite 
Biotite 
Biotite 
Phlogopite 
Chlorite 
Kaolin 
Tourmaline 
Tourmaline 
Beryl 
Beryl 
Pyroxene 
oxene 
Amphibole 
Epidote 
Epidote 
Olivine 
Garnet 
Staurolite 
Zircon 
Titanite 


| AHRENS’) 
| AHRENS'”? 
| $2 
|'H&G 


$2 


| $2 


| NOVOKHATSKIT & 


KALININ'®4) 
AHRENS!) 


|H&G 


| NOVOKHATSKII & 


KALININ") 
AHRENS'”? 
§2 


| AHRENS") 
| AHRENS”? 
| §2 


AHRENS”? 
OTTEMANN'®) 
$2 

$2 


| S2 
| $2 


OTTEMANN'®8) 


| OTTEMANN'*®) 
| $2 


$2 
OTTEMANN'®®) 


| $2 
| $2 
| $2 
| $2 
| $2 
| $2 


| 
| 
| 


0-01 
nd 
08-10 | 48 
present in 3, up 'to 3 p.p.m. 
tr-6'8 
up to 100 
2:0-4-3 


0:4-20 


48-180 
6:0-77 
21-84 
3-20 


up to 106 
1-30 


1-9-140 
16-47 
62-72 
50-270 


80-380 
4-100 


| 0-007-0-019 








The Geochemistry of Gallium, Indium, Thallium—A Review 


Table 16 (contd.)— 


ee 


No. of 
samples 


i 


Mineral Reference 


| Range | Mean 


| 


| 0-043 


OTHER NONSULPHIDES | 
Opal | 


Magnetite | 


| 
| 0-023-0:36 


Hematite 
Limonite 
olusite 
Fluorite 
Fluorite 
Halite 
Sylvinite 
Apatite 
Graphite 
Wolframite 
Petalite 
Amblygonite 
Rhodizite 


pRLFR 
oS 


Nn 
i) 


RRR ORR 


\o 
Qa 
o 


SULPHIDES 
Sphalerite | STorBER"?®) | present in 5, up to 1% 
Sphalerite OFTEDAL®®? | | nd 
Sphalerite EvrarD | : 
Sphalerite | | ScHRoLL! | usually present | 
Sphalerite | | S2 =. 
Galena | 100-500 

Galena | present in 5 

Galena | present in 65 

Galena | | — up to 100 

Galena | 

Marcasite, pyrite, pyrrhotite | 


| 
| 
Marcasite, pyrite, pyrrhotite | | tr-0°24 


~~ 
Un 


nN 
—_ 


much as 10 p.p.m. Later pegmatitic samples are much more strongly enriched. 
This behaviour pattern in the feldspars is consistent with the hypothesis that Tl 
replaces K, and moreover that TI is enriched in later liquids evolving by differen- 
tiation. In plagioclase it is uncertain whether the TI is trivalent or univalent. 
The enrichment in later plagioclase is probably due to the fact that later fluids 
are themselves enriched, rather than to any greater case of entry into albitic 
varieties, since it should be recalled that cleavelandite is not rich in K. In the 


potash feldspars the enrichment of Tl in later varieties is accompanied by an 
enrichment in Rb (which has the same ionic size), aS AHRENS bas shown 7) in 
two interesting papers. The behaviour of Tl is shown to be much more similar 
to that of Rb than to K. The Rb,O/TI,O ratios of pegmatitic minerals vary 
between extremes of 12 and 650, but mostly are centred about a mean value of 
90. This indicates a close geochemical coherence in the pair TI-Rb, such as is 
found also in the elements Hf-Zr. 

In Fig. 3 (taken from AHRENS”), p. 586)—see page 177—the content of T1,0 
has been plotted against Rb,O for a variety of granitic and pegmatitic minerals, 
illustrating well the close ‘coherence. 
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Both Tl and Rb obey GOLDSCHMIDT’s camouflage principle, since they have 
larger radii than K; but as previously mentioned this principle does not have 
universal validity. 

Among other tectosilicates of igneous nature it may be noted that nepheline 
and leucite show appreciable Tl contents. As in the case of albite, the enhanced 
value in the nepheline probably is due to abundant TI in the magma from which 
it crystallized. The leucite analysed by the writer contained considerable Tl 
(65 p.p.m.), exceeding the values reported by HORMANN and GOLDSCHMIDT. 
Pollucite also has been shown to contain abundant Tl, both by AHRENS and by 
NOVOKHATSKII and KALININ. In this rare pegmatite mineral the Tl replaces Cs. 
The very rare rhodizite was also reported by AHRENS to be Tl-rich (96 p.p.m.). 

The other pegmatite and hydrothermal minerals in Table 16 may be briefly 
reviewed. Tourmaline contains very little Tl, which is rather surprising, since 
this mineral commonly contains elements of considerable size variation. By 
contrast beryl, which would on first thought be considered as an unlikely Tl 
collector, shows appreciable values. The beryl analysed by AHRENS, containing 
38 p.p.m. Tl, was also rich in Cs. These large ions are probably concealed in 
“holes” along the c axis of the structure, where other unusual elements are 
believed to be located (see BOsE;‘*4) RANKAMA and SAHAMA,"2 p, 120). Apatite 
of pegmatitic origin shows a little Tl, but petalite, amblygonite, and wolframite 
do not. 

Several of the writer’s samples came from a pegmatite in the Black Hills, 
S. Dakota, which has been described by FisHer.'?) Among the early minerals 
were tourmaline (tr), quartz (nd), muscovite (47 p.p.m.) and microcline 
(84 p.p.m.). The pegmatite fluid was therefore rather rich in Tl, and apatite of 
somewhat later age took in 0:23 p.p.m. The latest stage was represented by 
cleavelandite (6:8 p.p.m.) and lepidolite (95 p.p.m.). 

The remaining minerals of Table 16 are of various origins. Epidote, garnet, 
and staurolite are metamorphic compounds with very little Tl. Opal contains a 
trace, and is known to carry other minor elements (see RANKAMA and SAHAMA,"2?0) 
pp. 635 and 722). Graphite may contain a trace of Tl, and pyrolusite rather 
more. The latter will be mentioned later. 


Products of Gradation 

The scanty data available are summarized in Table 15. The ionic potentials 
of TI** and Tl*? are 3-2 and 0-68. If the former ion is produced during weather- 
ing it will thus be transported as a hydroxide (TIO(OH), in all probability) 
whereas the former will go in solution as a soluble cation. As mentioned pre- 
viously, Tl** is readily reduced in aqueous solution, and LATIMER gives the redox 
potential for this pair of ions as + 1-25 volts. The significance of redox poten- 
tials in geochemistry has been studied by SHCHERBINA™2”) and Mason‘®®) and the 
implication for T1 is that the trivalent ion will only be produced in environments 
of strong oxidizing power. These are not achieved in normal gradation processes, 
and TI is transported principally in the univalent state. It would therefore be 
expected to accumulate in the ocean if no other processes intervene. Being a 
large electropositive ion, however, it will be adsorbed on clay minerals to a 
considerable extent. 

The analyses of sedimentary rocks bear out this picture. Some TI occurs in 
arenaceous rocks, probably in unaltered granitic feldspars or micas. Argillaceous 
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sediments usually contain some TI, and the writer’s average of eighteen samples 
(0-69 p.p.m.) agrees quite well with CANNEY’Ss average of 323 (0-36 p.p.m.). The 
Tl has been adsorbed in the same way as K, Rb, and other large ions. Using the 
average Rb content of shale (300 p.p.m., in GOLDSCHMIDT, BAUER and WITTE‘) 
the writer found the Rb/TI ratio of the average argillaceous rock to be 435, 
contrasting with 340 for granites and 138 for basic rocks. This indicates a loss 
of Tl relative to Rb in the formation of argillaceous rocks by weathering of 
igneous rocks (see later). The relative degree of adsorption of the large univalent 
ions in clay is Cs > Rb > K > TI, according to CANNEY. 

Among the writer’s samples were six argillaceous rocks with rather high 
carbonaceous content. Their average Tl value is 1-23 p.p.m., nearly twice the 
value for normal pelitic rocks. All these rocks probably formed in a reducing 
environment, and in such conditions many of the heavier elements are frequently 
concentrated. The enrichment of Ge in coal ash is typical and, as previously 
mentioned, Ga shows some evidence of concentration. The reasons are not clear, 
but with some elements there may be a biological enrichment, whereas with 
others it may be due to precipitation as sulphide by free H,S. In either case the 
ultimate cause is the presence of decaying organic matter. It may be mentioned 
that among the carbonaceous samples analysed by the writer was a sample of 
Finnish Archean schist containing the carbonaceous aggregate believed to be a 
fossil. The enhanced TI content (0-79 p.p.m.) affords a little additional evidence, 
albeit slight, of an organic origin (see RANKAMA"®9)), 

Carbonate rocks contain very little Tl, as might be expected, and ocean salts 
and evaporites contain even less. In the latter case the sensitivity limit of the 
writer’s method was about 0:5 p.p.m. Other authors have reported Tl to occur 
in carnallite and sylvite and undoubtedly a little must be present. It will be noted 
that the Fe-Mn deep-ocean ooze contained a little Tl, and a single Mn-nodule 
was very rich (30-100 p.p.m., estimated by visual comparison). The pyrolusite 
sample referred to previously carried 1 p.p.m. These figures strongly suggest an 
association of Tl and Mn in the sedimentary cycle, which is best explained as a 
consequence of oxidizing environment precipitation. As mentioned earlier in 
this section, TI** may be formed in regions of strong oxidation potential, such 
as form sedimentary Mn minerals, and would precipitate as a hydroxide. In 
addition to marine environments of this kind, terrestrial Mn ores are well known, 
and may well trap a certain amount of the Tl released in weathering. This may 
explain the loss of T1 relative to Rb in argillaceous rocks, and should be tested by 
analysis of bog-manganese ores. 


Metamorphic Rocks 


The metamorphosed pelitic series from Dutchess County, New York, shows 
appreciable Tl content (Table 15), and several of the rocks have values well in 
excess of the usual argillaceous rock. These higher values are confined to higher- 
grade rocks, and it is possible that some T1 was introduced into the rocks. More 
recent studies of trace-element variation during metamorphism showed that this 
behaviour is characteristic of few minor elements, and can only be rigidly 
substantiated by statistical methods.“ No relation of Tl-content to meta- 
morphic grade is evident in the case of the Wyoming or Greenland gneisses. The 
single amphibolite in Table 15 has a Tl-content consistent with an origin by 
metamorphism of a basic-intermediate rock. 


14 
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Sulphides 

Of all three elements TI is the least known as far as sulphides are concerned. 
The few figures available are in Table 16, and are hardly suitable for a detailed 
discussion. 

STOIBER’S study of sphalerites revealed that Tl is not detectable in the Missis- 
sippi valley deposits, whereas five samples from the similar deposits of Belgium- 
Westphalia-Silesia all contain from 100 to 1000 p.p.m. Evrarp later confirmed 
the occurrence in these European ores. It will be recalled that the opposite 
behaviour was found with Ga, which is absent from the north Europe deposits. 
Here then are two geochemical provinces, but there is a need for quantitative 
study of the distribution. OFTEDAL found that Tl is absent from Norwegian 
sphalerites but occurs in galena, especially in varieties rich in Bi. 

Among the iron sulphides there is little tendency for Tl to accumulate, and 
GOLDSCHMIDT'*) believed it to be absent from pyrite. However, WATANABE (in 
ref. 122, p. 133) has found up to 300 p.p.m. in marcasite, and MURAKAMI'®”) re- 
cords up to 100 p.p.m. im marcasite, enargite, sphalerite, and native bismuth. The 
quenching effect of excess iron on spectral-line sensitivities has already been 
mentioned in connection with meteorite analyses, and may be relevant here. 

The only minerals containing TI as an essential element are the following: 

Lorandite TIS: As,S3 

Crookesite Cu,;Tl,AgSe, 

Vrbaite T1,S- (As_S3)2°Sb.S3 

Hutchinsonite PbS -(Ag,T1),S- As,S3 
These minerals are very rare, but Ga and In have no minerals of their own. The 
fact that these four minerals all contain either As or Ag or both suggests that 
other As and Ag minerals should be examined for TI. 

Numerous other authors refer to Tl in sulphides, including PILiPENKO,"°? 
ZAKHAROV and YUSHKO,"!46) RUSANOV and ALEKSEEVA,!3) NOVOKHATSKII and 
KALININ,'®?) GAVELIN and GABRIELSON,“”) and WAGGAMAN et al.(189) 


Biogeochemistry 

GOLDSCHMIDT'**) states that Tl has been identified in various land plants and 
also in seaweed, and mentions that I. and W. Noppack record 0:001 to 
0:03 p.p.m. in the dry matter of certain marine animals. 


‘CRUSTAL ABUNDANCE 


The crustal abundance of an element is usually taken as its abundance in the 
average igneous rock. The figures available are presented in Table 17. The 
early figures of CLARKE and WASHINGTON are much too low for all three 
elements. 

With respect to Ga, the NODDACKS’ estimates were too low, but GOLD- 
SCHMIDT and PETERS’s study demonstrated the element to be more widespread 
than was previously realized. Their figure of 15 p.p.m. was obtained also by 
SANDELL on the basis of his precise fluorimetric determinations. The writer 
recently suggested that this figure be increased slightly. 

A recent exhaustive compilation of available Ga analyses has been made by 
FLEISCHER *) who shows that 15 p.p.m. is a good estimate but may be a little 
low. From this paper the averages for basic, intermediate, intermediate-silicic 
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and silicic rocks have been taken as 17, 22, 21, and 16 p.p.m. These are extra- 
ordinarily close but, being averages (even of semiquantitative data), can be 
accepted as probably showing valid differences, chiefly related to plagioclase 
proportions in the rocks. The vast majority of igneous rocks are either in the 
basic or the intermediate-silicic ranges, and the average of these groups (19 p.p.m.) 
may be accepted as the best estimate of the crustal abundance. 


Table 17. Crustal Abundance of Ga, In, and Tl 





Reference Abundance 





GALLIUM CLARKE & WASHINGTON") 0-1-1-:0 x 10-4 
Noppack & Noppacx'®?) 0:2 
Noppack & Noppacxk'®?) 45 
G&P | 15 
SANDELL"!®) 15 
SHaw!124) 20 
FLEISCHER “*5) | 15 
This paper | 19 





INDIUM CLARKE & WASHINGTON™) | 0:1-1:0 x 1074 
Noppack & Noppack'?)) . 
Noppack & Noppack'®) 
GOLDSCHMIDT‘) 
SHAW!223) 
This paper 


THALLIUM CLARKE & WASHINGTON) 
Noppack & Noppack'*!) 
Noppack & Noppacx'*) 
GOLDSCHMIDT'*) 
AHRENS”) 
RANKAMA"?°8) 
SHAW!222) 
This paper 





* The atomic abundance was quoted in error by SHAW (122, 123). 


BELL"!”4) recently reported 16 and 17 p.p.m. for gabbro and granite respec- 
tively, with an estimate of 15 p.p.m. for the lithosphere. BELL’s analyses were 
quantitative and reasonably precise, and the agreement with other workers’ data 
is seen to be satisfactory. 

Most estimates of the crustal abundance of In since the first figure of the 
NODDACKS have been in substantial agreement. As pointed out elsewhere‘) 
the erratic distribution of In in igneous rocks makes any estimate of questionable 
value. 

GOLDSCHMIDT revised the NoppAcKs’ figures for the crustal abundance of Tl 
on the basis of a few new analyses. AHRENS’S later figure was based on analyses 
of pegmatitic potash minerals, and RANKAMA criticized the validity of this 
method, suggesting 3-0 p.p.m. to be too high and 0-6 p.p.m. closer to the truth. 
The writer’s figure of 1-3 p.p.m. is a weighted average of the Tl content of 
different types of igneous rocks based on their spatial distribution. 
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SUMMARY 


In common with its neighbours in the periodic table (Zn and Ge), gallium shows 
siderophile, lithophile, and chalcophile properties. Probably the first is the most 
pronounced, since in meteorites Ga is strongly enriched in the metal phase. This 
suggests that the cosmic abundance is greater than the crustal abundance 
(19 p.p.m.). The siderophile behaviour is related to its position in the first 
series of transition elements in the periodic table. By contrast its lithophile 
behaviour results from its position in the third periodic group with radius and 
other electronic properties similar to Al, when in the trivalent state. In common 
silicate and oxide minerals gallium is always in the oxidized state (Gat**), and 
shows close geochemical coherence with Al**. Ga/Al ratios in common rocks 
are of the order of 1 to4 x 10-*. In common with Al it shows low abundance in 
the olivine-pyroxene-rich ultra-basic rocks, but is otherwise of fairly constant 
abundance until the pegmatitic stage of crystallization is reached, where the Ga 
content of aluminous minerals appears to be rather greater. Products of late- 
stage hydrothermal alteration show considerable variation in both Ga and Ga/Al 
figures. In sedimentary processes Ga again follows Al, but tends to be somewhat 
enriched in a relative manner. Almost all the Ga liberated during weathering 
accumulates in hydrolysate sediments, and the oceans are empoverished. Some 
enrichment occurs in coal deposition. There are few features of interest regard- 
ing Ga in metamorphic rocks at the present time. The biogeochemistry of Ga is 
little known. In sulphide deposits the chalcophile properties of Ga are shown by 
its common occurrence in sphalerite due to similarity of Ga and Zn. It occurs 
in other sulphides and is very strongly concentrated in the rare mineral germanite. 
This chalcophile behaviour is again due to Ga being a transition element, and 
contrasts with a complete lack of such tendencies in Al. It is probable that the 
chalcophile properties are shown only when it occurs in the reduced state as 
Gat? (see AHRENS'®)), 

An adequate summary of the geochemistry of In is not yet possible. In 
meteorites there is scanty evidence that In is present in all three phases, thereby 
exhibiting lithophile, chalcophile, and siderophile properties. Igneous rocks and 
minerals show In values which are difficult to interpret, but it seems likely that 
in the rocks the In is mostly carried in accessory sulphides such as chalcopyrite. 
Where igneous minerals have been analysed there is some tendency for In to be 
present in Fe-bearing minerals, but it also occurs in muscovite and is very low in 
iron oxide minerals. There is evidence that In accumulates in some complex oxide 
pegmatite minerals, and above all in certain pneumatolytic and hydrothermal 
types. These are, on the one hand, the cassiterites and on the other hand various 
sulphides and sulphosalts. Of the latter the Sn-bearing sulphosalts almost 
always carry In, whereas among commoner minerals sphalerite, chalcopyrite, 
and galena are important. The relation between In and the Sn sulphosalts and 
sphalerite has been partially explained by ANDERSON, but the association of In 
and Sn in cassiterites and mica is perplexing. 

In processes of gradation the fate of In is controlled by its ionic potential, 
which leads to its deposition and accumulation in hydrolysate sediments in a 
somewhat more regular manner than in igneous rocks. Slightly enhanced 
values are found in metamorphic rocks. 

By contrast with indium, Tl shows marked lithophile characteristics, although 
quite a rare element. Its abundance and manner of occurrence in meteorites is 
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very poorly known, but it has both lithophile and chalcophile affinities. In 
igneous rocks Tl shows close geochemical coherence with Rb, and both are 
camouflaged in K minerals. Consequently the Tl content of basic rocks is low 
(0-12 p.p.m.) but rises with potash content to about 3-2 p.p.m. in silicic rocks. 
At the same time there is an enrichment of Tl relative to K. In pegmatite 
minerals Tl] and Rb rise much higher, favouring potash feldspars, micas, and a 
few less common minerals. Concentrations of Tl in excess of 500 p.p.m. have 
not been recorded from this type of environment. Minerals of hydrothermal 
origin sometimes contain considerable Tl, especially the sulphides. Up to 1 per 
cent has been recorded in sphalerite, and there is evidence Of regional variations 
in TI distribution in this mineral. Galena also is commonly a carrier of Tl. There 
are four thallium sulphosalts, all of rare occurrence. 

In igneous rocks T] occurs predominantly in the univalent state. This persists 
in the sedimentary field, and the element is transported as a soluble cation during 
weathering, mostly accumulating in argillaceous rocks by adsorption. However, 
the intervention of a region of high oxidizing potential will probably remove Tl 
from solution in the trivalent state in Mn-Fe oxidate deposits. By contrast, the 
reducing environment produced by decaying organic matter will also concentrate 
TI to a slight extent. Very little Tl reaches the ocean, but some must be present 
and is known to occur in marine organisms. Little is known regarding the 
distribution of Tl during metamorphism. 


CONCLUSIONS AND PROBLEMS FOR THE FUTURE 


No review article of this kind is complete unless some indications of outstanding 
problems are given. From the preceding pages it is evident that the geochemistry 
of Ga is known rather well, Tl fairly well, and In very incompletely. In particular 
all three elements need to be studied further in meteorites, both to assess more 
completely their geochemical affinities and to provide data on the cosmic 
distribution. 

All three elements again need detailed study of their occurrence in sulphides, 
with quantitative data. This particularly applies to Tl, and is important for In 
in connection with the possibility that the In values of igneous rocks are due to 
sulphides. The perplexing Sn-In association needs further investigation by 
precise analysis to see whether there is a correlation between their distribution in 
common minerals, as suggested by OTTEMANN and by AHRENS and LIEBENBERG. 
A further development of analytical sensitivity is also necessary to re-study the 
distribution of In in silicates. Lastly, the association of Tl and Mn in sediments 
needs confirmation. 

Other problems will suggest themselves to readers interested in some particular 
aspect of geochemistry, and much of this article may need to be revised as new 
results are published. Which is as it should be. 


Editor’s note, added in proof: T. Ishimori and Y. Takashima (Memoirs fac. sci. Kyushu Univ. 
Ser. C, Chem. 2, No. 2) have determined Tl in a variety of Japanese igneous rocks, using a 
radiometric method. The paper includes a comparison of their data with values provided by 
other workers—Goldschmidt, Preuss, Ottemann, Shaw (See Chapter 2). 
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LATITUDE VARIATION 
By P. J. MELCHIOR, DR.SC. 


By “‘latitude variation” we understand the actual variation of astronomically 
determined latitudes, which is due to the earth’s oscillation about its instan- 
taneous axis of rotation. This oscillation is evidently the cause not only of a 
latitude variation, but also of a longitude and azimuth variation. However, the 
latitude effect is the one which is most easily measured exactly by astronomical 
means, and this is why one often uses the phrase “latitude variation” to mean 
the motion of the instantaneous pole of rotation over the earth’s surface. 

This phenomenon is of considerable importance in geophysics, but no com- 
pletely satisfactory theory of it has yet been put forward. The difficulties met 
with in accounting for the nature of the phenomenon are due to the fact that it 
involves the laws of celestial mechanics, very complicated conditions of astro- 
nomical observation, the properties of matter inside the earth (density, elasticity, 
viscosity), and motions of masses within and on the earth, as meteorological and 
oceanographic phenomena on the planetary scale. We shall discuss in turn the 
importance of these various effects in the latitude variation. 


1. THE APPLICATION OF CELESTIAL MECHANICS 


By the end of the eighteenth century celestial mechanics had established the 
theoretical possibility of a motion of the instantaneous pole of rotation with 
respect to the earth (Eulerian nutation), but the amplitude (which we now know 
to be about 0°3) was much too small to be measured by the instruments of those 
days, and not much attention was paid to it. PoIsson regarded the terms of this 
nutation as being negligibly small. Later, however, attempts to measure these 
terms were begun at the Pulkovo Observatory, and their position in the theory 
was reconsidered. VON OPPOLZER had the idea of avoiding the necessity of intro- 
ducing these terms in the formulae by studying the motions of the earth in space 
not with respect to the minor axis of inertia, but with respect to the instantaneous 
axis of rotation.”’ By doing this, he neatly eliminated the Eulerian terms of 
unknown amplitude in the formulae of celestial mechanics, and showed that only 
in this case is PoIssON’s approximation really justifiable. 

The astronomical theory of the motion of the pole is based on Euler’s differen- 
tial equations governing the motion of a solid about a fixed point: 


A dp/dt +- (C — B)gr = L, 
B dq/dt +- (A — C)rp = M, ooo 
C dr/dt + (B — A)pq = N, 


where (p, g, r) represent the components, relative to the principal axes of inertia, 

of the instantaneous rotation vector w of the solid; A, B, C are the principal 

moments of inertia, and L, M, N the components of the resultant moment of the 

external forces about those axes. The shape of the earth is very close to that of 
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an ellipsoid of revolution, and we can put A = B; if we neglect the external 
forces, the integrals of the equations are 


r = constant, 
p =mcos (ut — B), ae 
gq = msin (ut — £), 


where 
= a(C — A)/A. 


These express, firstly, the constancy of the earth’s speed of rotation, and secondly 
that if at a given instant the axes of inertia and rotation are separated, they 
remain so; the instantaneous axis of rotation, while remaining practically fixed 
in space,* describes about the principal axis of inertia a circular cone, with 
period 
T) = 2n/u = (2n/w) . A/(C — A). cor 
This states that, at each instant, a different direction in the earth coincides with 
the axis of rotation. If the sidereal day is taken as the unit of time, we have 
w = 2m, and, with the value of the ratio A/(C — A) given by the theory and 
observation of the precession of the equinoxes, we have 


T) = 305 sidereal days. 


We may add that, if the earth were an ellipsoid with three unequal axes (A + B), 
this cone would be elliptical. 

Astronomical observations evidently use (for want of better) these theoretical 
conclusions, which are based on the hypothesis that the earth is a completely 
rigid body, and have led, as we shall presently see, to the development of a theory 
of elastic deformations of the earth. 


2. CONDITIONS FOR THE OBSERVATION OF THE PHENOMENON 


It is of the greatest importance to understand the conditions under which 
measurements can be made, before attempting to interpret geophysically the 
phenomenon thereby revealed. 

We have said that the method of measurement is based on observations of 
latitude variations. After numerous attempts yielding uncertain results, 
F. KUsTNER made, between 2 April 1884 and 28 May 1886, a series of observa- 
tions at the large transit instrument in Berlin, intending a more accurate re- 
determination of the constant of aberration. He used, for the first time in 
meridian astronomy, the method of HoRREBOW and TALCOTT, and was surprised 
to find a quasiannual variation of this constant. Having carefully examined all 
possible sources of error, he came to the conclusion, stated by him in 1888, that 
there is a latitude variation due to a displacement of the instantaneous axis of 
rotation with respect to the earth, the amplitude being“ about 0°2. The 
accuracy and care which KUsTNeR brought to his observations convinced most of 
the astronomers of the day and, at the Salzburg Congress of 1888, FOERSTER 
called for the implementation of a plan previously formed by FERGOLA, the 
establishment of an International Latitude Service. 


* For a complete description of this theory, there is no better reference than Vol. 2 of 
F, TISSERAND’S Mécanique Céleste. 
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The existence of the motion of the pole was convincingly shown in 1891 by a 
comparison of observed latitude variation at Honolulu, made by a German 
party under MARCUsE, with the variations simultaneously observed at Berlin. 
The two stations were almost exactly 180° apart in longitude, so that the curves 
of variation should be exactly opposite in phase. This was indeed shown by the 
well-known graph in Fig. 1. 

There are several methods of latitude determination in astronomy. However, 
when it is desired to detect such an elusive phenomenon as the latitude variation, 
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Fig. 1. Historic graph which first demonstrated without doubt the reality of the 
motion of the pole. 




























































































































































































there are only three methods available: TALCOTT’s method, used by the Inter- 
national Latitude Service (the method using the photographic zenith tube may 
be regarded as a derivative of this); the method of the prime vertical, which has 
been the subject of interesting investigations at the Basel Observatory;'® and 
the method of equal altitudes, using the astrolabe, proposed by BECK”) in 1892, 
and quite recently used successfully by DANJON‘®) at the Paris Observatory with 
the aid of the “impersonal astrolabe”’. 

Only TaLcotT’s method has been intensively used, for fifty-seven years of 
continued observations on more than a million stars (cf. Fig. 2). This has made 
possible a detailed discussion of the methods employed, which has, amongst 
other things, led to successive improvements in the observational programmes. 
Such a study has also shown how the characteristics of the observed phenomenon 
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are bound up with every detail of the observational procedure and methods of 
reduction used. In fact, this method alone has been subjected to a critical 
objective examination based on half a century of experience: it is therefore not 
surprising that criticisms can be brought against it from which other less used 
procedures seem immune. We shall restrict ourselves to a discussion of TAL- 
CoTT’s method, since it is by this method alone that the co-ordinates of the pole, 
the subject of the geophysicists’ study, have been obtained. 


Dates des changements de programme 
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Fig. 2 (a). Activities of the International Latitude Service. 
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Fig. 2 (b). Geographica distribution of the International Latitude Service stations in 
the northern hemisphere. 
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If, at a given observatory, a star of declination 6 transits south of the zenith at 
a zenith distance z, the latitude of that observatory is 


¢=6+2, 


while, if a star of declination 6’ transits north of the zenith at a distance z’, the 


latitude is given by 
d _ 6’ bo 2’, 


and these two equations together give 
@= 36+ 6) +z —2’). .. + (4) 


TALCOTT’s method consists in selecting two stars which transit on opposite sides 
of the zenith and at about the same zenith distance, about five minutes apart. 
The zenith telescope enables us to find the quantity z — z’, by turning the 
apparatus about its vertical axis, with purely micrometric measurements, and 
without the reading of divided circles; two interdependent levels of the telescope 
enable an allowance to be made for the variations in its position relative to the 
vertical (Fig. 3). However, we must also know as exactly as possible the pitch 
of the micrometer screw, and its periodic and progressive errors; from star 
catalogues we obtain more or less precise values of 6 + 6’ for any pair of stars 
considered. We shall later discuss the involved problems of the screw pitch and 
the catalogue accuracy. 

To represent the motion of the pole, we take as the co-ordinate axes through 
the mean pole* the tangent to the Greenwich meridian (Ox) and the tangent to 
the meridian 90°W (Oy).t Then, at a given instant ft, the co-ordinates x and y of 
the pole in the plane tangent to the earth at the mean pole are related to the 
latitude variation A¢ for a station S in longitude A, by the simple formula 


Ads; = xX, 00S Ag + y, Sin Ag, oo 


but we have to introduce also the mean error in the proper motions in declination 
of the various stars forming the observed group G at time ¢. Thus 


Ads.4 + Ausig.y = X, 008 Ag + y, Sin Ag. ..+-(6) 
As usual, we put 
AusG.n = — 26. »++ (7) 


the Kimura term; besides the errors in the proper motions of the stars observed, 
it contains the effect of the neglected parallaxes, the errors in the values taken 
for the fundamental constants of astronomy (aberration and nutation), and the 
local effects of refraction or of oscillation of the vertical. Thus it includes a part 
common to all stations (using the same stars) and a part which is different for 
each station. 

The existence of this term, which is well authenticated by experiment, shows 
that, in calculating the position of the pole, one cannot free oneself from the 
present uncertainties in positional astronomy, except by observing the latitude 
variations at three stations, using the same stars and a well-synchronized 


* The definition of the mean pole and of the mean latitude of a station is a very difficult 
problem, which we shall discuss in the section concerning the secular displacement of the pole. 

t It should not be overlooked that the co-ordinate system used by the International 
Latitude Service is left-handed. 





Fig. 3. Wanschaff zenith telescope used at Carloforte. Prof. NICOLINI is seen at the 
instrument. 
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programme. It also shows that, to eliminate the local part of the term, we can 
increase the number of stations, taking them in regions of differing climatic 
conditions (e.g. insular and continental) and then calculate the co-ordinates of 
the pole by the method of least squares. 

The International Geodetical Association tried in 1899 to meet these condi- 
tions by placing six stations in latitude 39°N. The five stations now operating 
are those at Mizusawa (Japan), Kitab (U.S.S.R.), Carloforte (Italy), Gaithers- 
burg (U.S.A.) and Ukiah (U.S.A.). In the southern hemisphere, observations 
are made at La Plata (Argentina), but the work at the sister station in Adelaide 
(Australia) (latitude 34° 55’ S) has, unfortunately, been abandoned. 

For the same reasons, it has always been considered ill-advised to use the 
latitude observations from the great observatories to improve the co-ordinates of 
the pole, since each increases the number of unknowns by one (z). 


The Observational Programme at International Stations 


It has been agreed to determine the latitude every night, using a well-chosen 
group of stars arranged in Talcott pairs. According to the programmes, there 
are six or eight such pairs in each group covering two hours of right ascension, 
and twelve groups covering the whole year. However, an important condition 
restricts the choice of stars in each group. The magnitude of the screw pitch is 
always somewhat uncertain, owing to deformations of the instrument, variations 
of temperature, etc., and cannot be directly measured with satisfactory accuracy. 
In order to limit the effect of errors in the screw pitch, therefore, the condition 
is imposed that in every group the sum of all the micrometric measures is prac- 
tically zero. Unfortunately, this inescapable restriction is very troublesome, 
because the star co-ordinates are affected by precession in such a way that, after 
ten years or so, this compensation condition is no longer sufficiently satisfied 
(except, of course, for the groups in 6-hr and 18-hr right ascension), and it there- 
fore becomes necessary to change the list of stars, replacing the unsatisfactory 
pairs by those which better meet the condition in question. Changes in the 
catalogue were made for this reason in 1912-0, 1922-7, 1935-0, and 1955-0. 
Moreover, in 1906-0 another change was made, replacing pairs with large zenith 
distances (two pairs per group, introduced in 1899 for the study of refraction 
and its anomalies, but without success) by ordinary TALCOTT pairs. The effect 
of these catalogue changes is closely related to the ideas of mean latitude and 
of mean pole, and so to the problem of the secular displacement of the pole: 
we shall discuss this aspect of the problem in a separate section. 

The geophysicist should be aware of the effects of inaccuracies in the screw 
pitch on the polhode trace, and shculd receive the provisional results with 
caution. When ALBRECHT set up ‘he first programme of the International 
Latitude Service, the sum of the micrometric measurements in each group did 
not exceed 1’ 18” during the first six years (i.e. the compensation was almost 
perfect). The task of constructing the catalogues subsequently became more 
arduous, on account of the natural desire to retain as many as possible of the 
original pairs. This was to facilitate the study of possible secular displacements 
of the pole and the precise determination of the constant of nutation. Thus the 
sum of the micrometric measurements reached 4’ 35” in 1909, and 4’ 51” in 1915. 
The programmes adopted in 1922-7 and 1935-0 were set up by the great Japanese 
specialist H. KimuRA, and the large values which he permitted in certain groups 


15 
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are astonishing: a maximum of 8’ 35” in 1923, 12’ 59” in 1928, 14’ 16” in 1943, 
and 18’ 17” in 1950. This puzzle seems to be unexplained. The 1935 programme 
has been extended to 1955 in order to make possible a particularly advantageous 
study of the constant of nutation; consequently, at the end of the programme 
the micrometric sum exceeds 20’ for certain groups. Professor CECCHINI, the 
present director of the International Latitude Service, has discussed the unfortu- 
nate effects of this on the calculation of provisional co-ordinates: the introduc- 
tion of improved values in the screw pitch brings to the polhode a periodic 
annual correction which has an amplitude of 0°05, i.e. comparable with the 
amplitude of the annual motion of the pole itself! The definitive co-ordinates 
for 1935-41, communicated by Professor CARNERA (then director of the Service), 
likewise show an annual difference in the y co-ordinate of amplitude 0°04, as 
compared with the provisional values previously published. 

The geophysicist who wishes to interpret the published graphs must bear these 
considerations in mind. Indeed, an error in the value of the screw pitch may 
entirely vitiate the polhode trace. This explains, for instance, the odd anomaly 
shown by the provisional curve for 1954 (the last year of the 1935 programme). 
This curve was drawn using results from only three stations, of which one, 
Carloforte, shows a marked trend in the value of its screw pitch. The use of an 
improved value of this screw pitch and of results from another station which 
arrived later made it possible to remove this anomaly, at least in part. 

We may remark that the new programme, adopted in 1955, retains many stars 
from the previous programmes, and gives a maximum micrometric sum for one 
group in 1961 of 3’ 51”. 

The above statements, of course, refer only to the provisional co-ordinates, 
and the definitive co-ordinates can be regarded as free from this source of error; 
unfortunately, they are available only after a delay of several years. 

In this definitive reduction, the screw pitches are re-examined and corrected 
on the basis of the observations themselves, while the necessary corrections to 
the declinations and proper motions given in the catalogues are determined. The 
restrictive conditions which govern the choice of stars sometimes compel 
astronomers to take them from catalogues whose accuracy is not so high as 
might be wished. Even Boss’s catalogue, which has been used almost exclusively 
since 1935, does not provide an accuracy adequate for the present purpose. In 
consequence, the various pairs in a group observed for sixty-six consecutive 
nights every year give latitudes which differ systematically. Since, on the other 
hand, the vagaries of the weather do not enable exhaustive observations to be 
made every night of all the pairs in a group, it is necessary to know the correc- 
tions that have to be applied to each mean declination of a pair in order to 
reduce it to the mean value for the whole group. This is done by first taking into 
consideration only the “‘complete”’ nights for a given group at all the stations and 
during all the years when it was used in the programme. The systematic differ- 
ences between the latitudes found from a given pair and those found from the 
whole group are then inserted in the formula 


D= Dé + tDu, + (8) 
which enables the corrections in declination and proper motion for each pair to 


be determined by least squares. Using the corrections thus found, we can reduce 
the incomplete observations and make logical use of them. It seems that these 
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corrections deserve greater confidence than had been thought."!” This operation 
is closely related to the problem of the secular motion of the pole. 

However, these discrepancies D are also used to calculate the necessary 
corrections to the values taken for the screw pitches at each station; to see this, 
we need only consider for a given pair the variation in the number of micrometer 
turns measured at the different stations, as compared with the mean number of 
turns. The divergence thus shown for each station is a function of the error in 
the screw pitch at that station and of the number of screw turns counted in 
measuring the value of z — z’ for the pair in question. Each group of pairs thus 
leads to a value of the screw-pitch correction which can be checked from year to 
year, whilst a comparison of the corrections obtained for various groups used at 
different seasons enables the effect of temperature changes to be ascertained. 


The “‘Chain” Method of Kiistner and Albrecht 


The programme drawn up by ALBRECHT is shown in Fig. 4 (a): each parallelo- 
gram represents a group of six or eight Talcott’ pairs extending over 2 hr of 
right ascension (sidereal time). The programme includes twelve groups, so 
arranged that on any night one group is observed before midnight (the evening 
group) and the next one after midnight (the morning group). The desire to 
ensure optimum conditions of observation led KimuRA to make considerable 
modifications in ALBRECHT’S groups, starting from 1922-7 (Fig. 4(b)). Before 
that date, observations began immediately after sunset, and were of different 
duration for different groups. The object of KimurA’s modifications was not 
only to equalize these durations, but also to render negligible, in the calculation 
of the constant of aberration from the “closing error” (defined below, eq. 9), the 
effect of the stellar parallaxes, and this can be achieved only by centring the 
observations on midnight. Another change, suggested by Russian astronomers, 
was introduced in 1955. It consists in centring the groups not on the odd hours 
(in right ascension) but on the even hours; by this means the groups centred on 
6 hr and 18 hr, where the precession has no perceptible effect, can be preserved 
for many years. 

In the arrangements shown in Figs. 4 (a) and (b), it is seen that, after a month’s 
observation, the first of the two groups is rejected, while the second group 
becomes the evening group and the next group in the chain the morning group: 
thus the observations relate in successive months to the groups I,-II,,, II,-III,,, 
III,-IV,,, . . -, XII,-I,,, whereupon the same cycle begins again (e = evening, 
m = morning). 

Great difficulties are encountered if we try to refer to a system of homogeneous 
declinations for all the groups. In an attempt to achieve this, ALBRECHT formed 
the expression 


S = (1,-II,,) + (I,-II,,) +... + (XI,-XI,,) + (XI,-I,) 
= (I,-I;,) + (I1,-Il,,) +... + (XII,-XII,,), ae 


called the closing error; this should be free from any systematic error due either 
to the latitude variation or to errors in the declinations and proper motions of 
the stars observed. The original intention of the devisers of the “chain” pro- 
gramme of observations was to divide this closing error S equally among the 
twelve groups in the programme; this procedure, however, is permissible only 
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if the closing error is entirely random. If, on the other hand, it is systematic, it 
is the manifestation of a physical phenomenon which has not been taken into 
account in the reductions: it should therefore be divided among the groups 
according to the analytical law which represents the phenomenon concerned. 
The closing error at the international stations is very markedly systematic, and 
seems to correspond to the local observing conditions at each station. It has, 
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Fig. 4. Two typical programmes of the International Latitude Service: (a)—before 
1922:7; (b)—after 1922-7. 


however, also features common to all stations in the same latitude; it is always 
negative in the northern hemisphere, its mean value there being about — 0°25, 
while in the southern hemisphere it is always positive, with a mean value of 
+ 0°10. 

ALBRECHT’S equipartition procedure has therefore been abandoned and, since 
the analytical law obeyed by the phenomenon is unknown, the closing error is 
no longer taken into account in reducing the observations. However, it is still 
the subject of continued and valuable study, and in this way various phenomena 
which undoubtedly contribute to producing it have been recognized. From the 
astronomical point of view, only an error in the value taken for the constant of 
aberration can be envisaged, since the period of this phenomenon is precisely 
one year. GRATSCHEW™) has shown that in this case the closing error will in 
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fact change sign when we go from one hemisphere to another: assuming that the 
mean value found for the stations in the northern hemisphere is due to this 
cause, we have to change the aberration constant from 20°47 to 20°51, and the 
latter value is in good agreement with those obtained from other measuring 
procedures, as given in the reports at the last Conference on the Fundamental 
Constants of Astronomy (Paris 1950). This clearly represents only that part of 
the closing error which is common to all the stations in the same latitude. The 
important local component can be explained only by climatic considerations. 
Hattori”) has recently shown that it is related to variations in the atmospheric 
pressure during the night: S = — 0°173-0°050 Ap at Mizusawa. This result 
has been verified by Fresa"* and MissaNnaA" at Turin, who found a still closer 
relation than at Mizusawa. It is not possible to give an analytical representation 
of the relation, and so it is not at present possible to correct the observations for 
this perturbation. 

It is easy to see that, if the closing error is not divided, or if this partition is 
incorrectly made, a corresponding component appears in Kimura’s term. We 
have mentioned that the Kimura term common to all stations in the same 
latitude, which is almost entirely of astronomical origin, is accompanied by a 
local Kimura term which differs from station to station and which is simply the 
difference between the observed latitude variations and those calculated from 
the values found for x, y, z. 

The effect of the local component of the closing error appears in this local 
term. It is very interesting to notice, in this connection, that the local z term is 
closely related to the wind speed and direction, as has been shown by KAwa- 
SAKI,"5) SPENCER JoNES,"® Hattori,” and SUGAWA"®) for the stations at 
Mizusawa and Greenwich. A closer examination of the relations between S, z 
and these meteorological effects (changes in wind and pressure) is of great 
importance in meridian astronomy. 

These correlations between the astronomical variations and certain meteoro- 
logical characteristics simply reflect, in a roundabout manner, the existence of 
anomalies of refraction which are regional (the inclination of the surfaces of 
equal pressure and temperature to the earth’s surface) or even very localized 
(refraction in the building). For instance, IKEDA having drawn attention to the 
regularity of a six-monthly component of the local z term, SUGAWA"®) related it 
to the six-monthly component of the daily variation of the air temperature; 
these two effects, calculated over the period 1900-1934, are very nearly in phase. 
This six-monthly comporent, which is due to the room refraction, is related to 
the variable insolation of a vertical wall, as calculated theoretically by NICOLET 
and Bossy;‘® it has a six-monthly component, which is the more important in 
that, for an observing room, the difference in insolation between the north and 
south walls has to be considered (see Figs. 17 and 18 of these authors, which 
show nearly the same phase as SuGAWa’s Fig. 1.1). 

Finally, it may be remarked that the closing error, as well as KIMURA’S term, 
is unrelated to the instrumental errors, and the substitution of new instruments 
more exact than those now in operation should not make possible the elimina- 
tion of these perturbations (as has already been shown with the photographic 
zenith tube and the Cookson telescope). 

We may mention also that other, smaller, perturbing effects have still to be 
taken into account, the chief among them being the terrestrial tides, both by 
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their direct effect and by the potential variations which result from indirect 
effects."*) Several astronomical effects have also been pointed out, but these are 
easily allowed for: they include small nutation terms usually neglected (Ross), 
and Battermann’s effect in the aberration (due to the perturbation of the earth’s 
orbit by Jupiter and Saturn). 


3. GENERAL CHARACTERISTICS OF THE MOTION OF THE POLE 


The accuracy with which the co-ordinates of the instantaneous pole are known 
can be determined only by a comparison of the values found from various groups 
of observations.) This accuracy obviously depends on the number of stations 
in operation, and this, unfortunately, has not always been so large as might have 
been wished. Thus the mean error in x or y varies from + 0°009 to + 0°019. 
The curves described by the instantaneous pole (Fig. 5) develop regularly in a 
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Fig. 5. Spirals described by the north pole (times indicated in years and tenths). 
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clockwise spiral, alternately moving outwards and inwards, while at certain 
times they exhibit nodes and reversals of direction. 

The maximum diameter observed since 1900 is about 0°7, corresponding to a 
displacement of R tan 0°7 = 21 metres on the earth’s surface. 

It was CHANDLER who first recognized the fundamental characteristics of the 
motion of the pole. His results, obtained in 1891 and scarcely modified in the 
light of fifty-six years of systematic observation by the International Latitude 
Service, can be stated as follows. The motion of the pole over the earth’s 
surface can be resolved into a circular motion whose period varies from 414 days 
to about 440 days, and an elliptical motion of period one year, both components 
exhibiting considerable variation in amplitude. 

Thus, by the interference of these two components, the senptinds of the 
spirals is a minimum about every seven years. These minima are, as we have 
said, often accompanied by certain irregularities in the motion. Various authors 
have considered these irregularities and have tried to establish geophysical 
correlations, in particular with earthquake activity. These dubious interpreta- 
tions should be received with caution, since the regular succession of the 
perturbations accompanying the amplitude minima show clearly that they are 
simply a result of the fact that the amplitude becomes comparable with, or even 
less than, the mean errors in the calculated positions of the pole.) Such 
irregularities, moreover, were not observed when the amplitude at its minimum 
was considerably greater than the error (the first few minima). 


4. THE SECULAR DISPLACEMENT OF THE MEAN POLE 


The question of a possible secular drift of the pole is of great importance in 
geology and geophysics, but it can be based at present only on half a century’s 
observations by the International Latitude Service. Previous observations are 
not of the same accuracy or homogeneity; moreover, they were based on 
insufficiently exact star catalogues. 

The problem of the secular motion is closely related to those of the position 
of the mean pole, of the mean latitude of a station, and of the stability of that 
latitude. 

The mean latitude adopted for a station is obtained by taking the mean of the 
latitudes observed during a cycle of the motion of the pole, about six or seven 
years. Its value therefore varies with time, since our knowledge of the proper 
motions of the stars used is imperfect. In the same way, when the catalogue is 
changed, the latitudes of all stations show discontinuities, which represent the 
change of declination system. Since the position of the mean pole is defined by 
the mean latitudes of all the stations involved, it will not be affected by these 
variations unless the observed discontinuities are not exactly the same at all the 
stations. However, although the programme used is exactly the same at all the 
stations, and should therefore lead to a mean pole quite independent of the 
catalogue used, it is found that this does not happen, as is seen from Fig. 6. This 
was constructed by SEKIGUCHI,'**) who calculated the position of the inertia pole 
(mean pole) as a running mean at intervals of six years. This figure, slightly 
amended by MELcHIoR,'™) shows by discontinuities the years when the catalogue 
was changed, and by broken lines the displacement of the mean pole between 
these dates. It is seen that every change of catalogue brings a change in the 





224 P. J. MELCHIOK 


direction of drift of the mean pole. MELCHIOR deduces from this that the cnange 
is only apparent, and due merely to the effect of the proper motions of the 
catalogue stars; this idea he supported by showing a clear asymmetry in the 
frequency distribution of the observation of various pairs at Ukiah and at 
Mizusawa and Carloforte. FEDOROV and PHILIPPOv,® however, having re- 
calculated the co-ordinates of the pole on this basis, found that the effect in 
question does not explain the phenomenon observed. No other way of inter- 
preting the drift of the mean pole in a discontinuous line has since been suggested. 











Fig. 6. Displacements of the mean pole according to SEKIGUCHI. 


SEKIGUCHI'**) ascribes it to internal causes like those which perturb the earth’s 
speed of rotation, but it seems unlikely that these perturbations would occur just 
when the catalogue is changed. 

This emphasizes the need to construct a homogeneous catalogue of the 500 or 
so stars used by the service since it was founded. The various directors of the 
service have often mentioned the desirability of such a work, and it is now in 
course of preparation at the Royal Observatory of Belgium, Uccle, by BECQ 
and MELCHIOR. It is hoped that this catalogue will throw some light on the 
problem. 

The result of fifty years’ observations refer to four systems of co-ordinates, 
since the various directors of the service have not retained the same mean 
latitudes of the stations or have varied them differently. We have 


ALBRECHT, WANACH, and MAHNKOoPrFF’s system (W), 1900-0 to 1922-6 
Kimura’s system : (K), 1922-7 to 1934-9 
CARNERA’S system (Ca), 1935-0 to 1948-9 
CECCHINI’S system (Ce), 1949-0 to date 


There was no change of programme in 1948-9, but Cecchini returned to the 
system of mean latitudes used in the first period (1900-0-1906-0), in order to take 
the first step towards making the representation homogeneous. In order to 
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bring together these various periods, co-ordinate transformations have been 
worked out which enable us to change from one system to another: 


Xp =XK + 07048 = XCa + 07040 = XCe + seg 
Yo = Ye + 02072 =yo, + 02060 = yo, + 07022. ian 
It should be mentioned that the co-ordinates (x¢,, Ycq) here used are the pro- 
visional ones calculated by CARNERA. The publication, in due course, of 
definitive co-ordinates, will necessitate a fresh examination of these relations. 
However, the formulae are questionable as regards the change from (xj, yy) to 
(xx, x): CECCHINI®) correctly remarks that KimuRA, in calculating this 
co-ordinate transformation, made an error in assuming that, just before 1922-6, 
the Mizusawa station was displaced 0°120 southwards. This amounts to sup- 
posing that the station ““Mizusawa I’’was replaced by “‘Mizusawa II’’, the latter 
being referred to the same mean pole as before, since its mean latitude was 
taken as 0°120 south of the “old” station. Thus the mean pole is unchanged and 
there is no need to establish agreement. Yet Kimura calculated his co-ordinate 
transformation taking account of this deviation of 0°12! 

CECCHINI’S result means that the Mizusawa station in fact moved before 
1922-6, and that, from the moment when this displacement was begun, the 
calculation of the polhode was in error because the displacement was not 
allowed for. A similar but less important displacement occurred at Kitab 
between 1934 and 1949.'° In neither of these cases can we fix the time of the 
displacement, or say whether it was sudden or gradual. The Japanese geophysi- 
cists regard the displacement of Mizusawa as a permissible deviation.* It would 
be interesting to check the latitudes of other Japanese observatories, especially 
Tokyo, where observations by TALCOTT’s method were made between 1890 and 
1900. A re-examination of this series of observations would certainly be useful 
in interpreting the phenomenon in question. The need for a homogeneous 
catalogue is again evident if we are to determine the exact data of the “slipping” 
of Mizusawa and Kitab. 

In an attempt to study exactly the real and apparent fluctuations of the mean 
latitude, A. ORLOV"® has proposed to eliminate the motion of the pole from the 
latitude variations observed at each station, by supposing that motion known 
a priori and absolutely regular (i.e. comprising only an exactly circular Chand- 
lerian component of period 1-2 years and an exactly constant annual component). 


* Professor TsuBor points out that one can also suppose that there was no horizontal 
displacement, but only a change in the direction of the vertical. Although he admits that this 
is uncertain, Prof. TsuBol mentions that Mizusawa lies in one of the zones where the gravity 
anomaly has a very high gradient. (Private communication to the author.) 

Also, in a private communication to the author, Prof. NISHIMURA expresses an analogous 
opinion: “Briefly speaking, our opinion is that the change of latitude in question at Mizusawa 
is not considered to be derived from the relative displacement of the position but is supposed 
to be resulted from the local change of plumb-line direction. The reason for this interpretation 
consists in the point that the relative displacement of the ground never reaches to the value 
of 1 metre even if it is in the epicentral area of a destructive earthquake (the equivalent value 
of ground displacement for the latitude variation of 0”-12 is nearly 3 metres), and on the other 
hand the changes of plumb line which were observed at the epicentral area of Great Nankaido 
Earthquake of 21 December 1946, shows the value of nearly 3” in the maximum change. 
Consequently the change of plumb line of the order of 0”-12 at Mizusawa will possibly be 


supposed,” 
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Using these incomplete and unlikely hypotheses, he then eliminates the greater 
part of the motion of the pole by a combination of ordinates: 


1 4 
Pitts or 20 2 ($1 + Pits + Ptt6 ° $t+11)> 


obtaining in this way curves which oscillate considerably with irregular ampli- 
tude and period. In fact, this procedure leads to the introduction of a Slutsky- 
Yule effect, well known in statistics, which is apparent just by more or less 
irregular fluctuations, so that the variations found by ORLOV cannot be im- 
mediately regarded as real and not depending on the procedure here used of 
combining ordinates. In any case, the ORLOV combination is not sufficiently 
selective for this. It does not discriminate between periods of 0.5-1 year, and on 
the resultant graph can be seen small oscillations of about 0.7 year periods, cor- 
responding well with a maximum on the selectivity curve of this combination of 
ordinates. 

KimvrA had already attempted to eliminate local effects by using directly 
calculated co-ordinates of the pole, as a first approximation, to separate the 
polar and local effects at each station. These effects he then analysed as trigo- 
nometric series, leading to corrections to the observations themselves (local z 
term) and then to a calculation of the second approximation to the co-ordinates 
of the pole. This procedure was abandoned because the phases and amplitudes 
of the different periodic terms vary considerably from year to year. 

What can we finally conclude regarding the secular motion of the pole since 
1900? One thing seems certain: in his report at the Brussels meeting of the 
I.G.G.U. (1951), CeccHINI'?® gave the result of a careful study of this lengthy 
series of observations. He decided that the barycentre of the polhodes of 1949 
and 1950 has co-ordinates 


x=+0°072, y= +0056 i 


relative to the mean pole of the first series of observations (1900-5), representing 
a displacement of the North Pole of 0°091 (2:7 metres) along the meridian 
37° 50’ west of Greenwich. On the other hand, OrLov,'?” using a procedure due 
to Comstock'®®) (1892), and considering the latitude differences of pairs of 
stations in the same latitude, observing the same program, obtained: 


dx = + 0°075, dy = + 0°195, 


giving a displacement of 0°200 along the meridian 69°W. 

It has been found that this drift can be completely explained by the melting of 
snow and ice and the consequent rise in the level of the Atlantic (MUNK and 
REVELLE,'?®) MELCHIOR')), If we assume that the rise of 15 cm in the level of 
the Atlantic since 1900 is due to the melting of the Greenland ice, and take into 
account the compensating flexure of the Earth’s crust under this added load, we 
find a displacement of 0°102 in the meridian 30° 5’ W, in good agreement with 
CECCHINI’S results. The level of the Pacific does not appear to have changed. 

As MUNK and REVELLE remark, the direction of the gradual motion of the 
pole may thus provide valuable information in oceanography, by revealing the 
source of waters which have helped to raise the level of the oceans. 

Thus the problem of the large-scale drifting of the pole during geological eras 
is not yet one of instrumental astronomy. Even the displacement of 2-7 metres in 
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fifty years (or about 50 km per million years) that is due to the melting of ice 
cannot be safely extrapolated. However, the study of the physical properties of 
the earth’s interior on the basis of the free motion of the pole, as well as of 
earth tides and seismology, may give information concerning the theoretical 
possibility of such drifting.® But it seems difficult to suppose that the earth’s 
crust could have been sufficiently deformed to yield the enormous drifts 
envisaged by some geologists. 


5. THE GEOPHYSICAL INTERPRETATION OF THE PERIODIC 
COMPONENTS IN THE MOTION OF THE POLE 


The general interpretation of these phenomena is quite certain. The circular 
component (CHANDLER) is just the Eulerian motion, which is predicted by 
celestial mechanics but whose period is lengthened by the fact that the earth is 
deformed, being not completely rigid and subjected to a deforming potential 
arising from the difference between the axis of rotation and the axis of symmetry. 
This deformation causes a motion of the pole of inertia, which in turn affects the 
period of the motion of the instantaneous pole of rotation. The annual com- 
ponent, on the other hand, is evidently due to various annual displacements of 
masses on the earth’s surface, i.e. the seasonal motions of air and water. 

However, when we come to examine more closely the motion of the pole since 
1900, and in particular the variations in the amplitude and period of this motion, 
we find two theories, which both meet with their own difficulties, so that this 
problem cannot yet be regarded as solved. Before discussing these recent 
investigations, we shall review some general theories concerning deformations of 
the earth. 


6. ELASTIC DEFORMATIONS OF EARTH. LOVE’S THEORY 
AND THE CHANDLER PERIOD 


Love) has introduced two dimensionless constants, now known as Love 
numbers, to characterize the various aspects of deformation of an elastic body 
subjected to a perturbing potential. Their meaning is very simple, and any type 
of deformation can be represented by a combination of these numbers, which 
are in turn related, by fairly complex differential equations derived by HEr- 
GLOTZ,'*) to the distribution of modulus of rigidity and density in the earth. 

The idea behind Love’s theory is that the perturbing potential can be repre- 
sented with entirely sufficient accuracy by a spherical harmonic function of the 
second order, and so all the perturbations produced on the earth by this potential 
can be represented by the same harmonic function, multiplied by a numerical 
factor corresponding to each aspect of the phenomenon: this factor is a simple 
algebraic combination of the Love numbers. 

For example, the radial displacement U and the cubic expansion D produced 
at any point of a solid by the forces deriving from a second-order potential W, 
are given by 


U = A(r)W,/g, scoskian 
D = f(r)W,/g, ova f 


where r is the distance from the centre of the earth to the point considered, and 
the coefficients depend only on the radial distance: we can assume that, beneath 
the isostatic compensation layer, there is hydrostatic equilibrium and a spherical 
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symmetrical distribution of density, modulus of rigidity, and compressibility. 
Similarly, the potential due to the density variation arising from the cubic 
expansion and the surface displacement of matter is given by 


V = K(r)W,. + (14) 
For the earth’s surface we put 
Ha)=h, K(a)=k, er, 


which are the Love numbers (SHIDA has introduced a third number to take 
account of deformations in the tangent plane to the surface). k is thus the ratio 
of the additional potential due to this deformation to the deforming potential 
itself. The additional potential arises from: 

(1) The density variation which accompanies the cubic expansion D, equal to 
Po — PoD (we do not here assume the material incompressible). 

(2) The potential due to the surface displacement r + U of the matter. The 
original potential 


piit2 
w= 7 | fo SP. Sax ded do ...-(16) 


becomes 
r’ 1+2 


Wit+ ¥=7| | {Go — pod) 5 Pea dr de do 


plite 
+ »|{ | fr DP; ai AU du dw ose 


and, introducing (12), (13), and (14), we have finally, for i = 2, 


a 


3 d 
k = K(a) = a [ ni fe | (PH) — ro) dr. ... (18) 


We shall here calculate the perturbing potential W due to the displacement of 
the axis of rotation inside the body. It corresponds to a perturbation of the 
centrifugal force, whose initial unperturbed potential at a point of co-ordinates 


(¢, A) is 


V, = $w°*r? sin® ¢. + (19) 
Because of the motion of the pole, there is a latitude variation* 
A¢ =¢—¢' =xcosA+ysind 
¢ =¢—xcosé—ysind. 


W, = V — V,. = 3w*r? (sin? d’ — sin? d) 
= — w*r* sin d cos $(x cos A + y sin A). ....(20) 


This perturbing potential deforms the earth’s figure, and so displaces the 
principal axes of inertia, thus introducing small products of inertia, while the 


* To calculate this elastic deformation, we have to take into account not the position of 


the pole relative to the origin, but the distance (x — &, y — ) between the pole of rotation 
and the instantaneous pole of inertia. 
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numerical values of the principal moments A, A, C remain unchanged in the 
first order. We therefore have 


82 w* (4% d \ 
icin ceca sia AD cect 4 [p2 — rf 
D= 5) 56 |,P04" a [r?A(r)] rite) dr, 

82 ww (% d eee 

el vans eee ie aes 4 __ [2 — pb 
E= 5 * a (r zs [r?(r)] rio) dr, 
F=0. 

On the other hand, we have from the theory of the earth’s figure the fundamental 
relation 





8 a 
C—A=-| pd(er'), ny 
15 Jo 


where e is the ellipticity in the plane xOy. 
" d 
on | Port {5 2H — rio} dr 
} pd(er®) 
0 





we have 


E = — xw(C — A), 
F=0. 
The resultant moment of M of momentum is thus given by 
M, = Ap + xwo(C — A), 
| +o xc 


D= — yW(C — A), 
| 0h 


M, = Aq + ywo(C — A), 
(where we neglect the quantities of higher order Dg, Ep), and EULER’s equations 
are 


Adgq/dt — wp(C — A)(1 — w) = 0, 
Cdr/dt = 0, 
since p = wx, q = wy. 
The period of free nutation is thus 
am <A 1 
*#C~s4 l—w 


Adp/dt + wq(C — A)(l — w) = 0, 
| sia « AD 





T= awe 
which, for a completely rigid earth (H = 0, f= 0, and so w = 0), becomes 
... (28) 


i.e. the period found by EULER. A comparison of (27) and (28) gives 
= 1 —7,/7, oveclae 





230 P. J. MELCHIOR 


which can therefore be determined from observation. On the other hand, the 
theory of the earth’s figure gives 


a 2 
[eaters = § pat (< rE. =) ... (30) 


(here e is the ellipticity of the surfaces as a function of r, and e the flattening), 
whence, putting (18) and (30) in (23), we have 


os owe) 





and (31) gives Love’s formula 

w*a/2g 
; oe »++.(32) 
This relation, like CLAIRAUT’S gravity formula, is independent of any hypothesis 
concerning the internal structure of the earth, except in the definition and value 
of k. The most recent geodesic data give the following table of numerical values. 


Table 1 


w=1-—7,/r=k 





n (shear modulus in 101? cgs, 
for the case where the earth 
is supposed homogeneous) 





0-32 14-0 





Thus Love’s theory accounts completely for the lengthening of the period of 
free motion. It enables us to calculate the shear modulus of the earth, either for 
a homogeneous globe (KELVIN’s theory, giving the values in Table 1) or for a 
heterogeneous globe (HERGLOTz’s theory). However, this study can be pursued 
only in combination with work based on other manifestations of the earth’s 
elasticity, viz. earth tides and earthquakes. On the other hand, as we have 
said, it is difficult to find the exact value of the free period, since an analysis of 
observational data shows that it is variable. We shall examine these results after 
discussing the theory of the forced motion. 


7. THEORY OF ANNUAL FORCED MOTION 


Any displacement of masses has two effects on the earth’s rotation: a “direct” 
effect, which changes the sum of the angular momenta, and an “indirect” effect 
which changes the direction of the principal axes of inertia, and therefore per- 
turbs the motion of the axis of rotation. KLEIN and SOMMERFELD have shown 
that, for mass displacements of period long compared with one day, such as 
those of annual period, the direct effect is practically negligible in comparison 
with the indirect effect.) We shall therefore consider only the latter. We take 





Latitude Variation 231 


a certain arbitrary distribution of mass as the initial distribution, calculate the 
corresponding ellipsoid of inertia, and take its principal axes as axes of reference; 
the products of inertia are then zero. If the mass distribution is changed, the 
ellipsoid of inertia is no longer the same, the axes of reference are no longer the 
principal axes, and nonzero products of inertia appear. The moment of inertia 
about an axis of direction cosines &, 7, ¢ is now 


I= AP + By? + CC —2Dnt — 2ECE — 2Fén, nae 
with the relation 
2+ y+ P= 1. 


We can thus find the direction cosines of the new axes of inertia by calculating 
the extrema of (33), using the method of LAGRANGE and introducing a parameter 


o. The conditions are 
lol lof ldo 


Ede non 
feo oeaa | 


oe 


— FE + (B’ — a)n — DE =0, ee 
— EE— Dn +(C’— af =0; 
this system has no nonzero solution unless its determinant vanishes, i.e. o is a 
root of a cubic equation. To each root there corresponds a direction, i.e. a 
principal axis of inertia. For the earth, however, we know from observation 
that the axis of greatest moment (axis of symmetry) remains very close to its 
initial position, because the masses displaced are always very small compared 
with the earth’s mass. We therefore regard ¢, 7, D, E, F, A’ — A, B’ — A and 
C’ — Cas first-order infinitesimals; neglecting higher-order quantities, we have* 
(A Pye ag —E= 0, 
(A —o)n — D=0, c~o | oe 
C—ao=0, 
whence the components of the resultant angular momentum about O are 
M, = Ap + wo(C — A)(x — £) + (C — A)éw, 
M, = Ag + wa(C — Ay — n) + (C — A)na, wae 
M, ad Cr; 
these are obtained by adding — Er, — Fp, 0 respectively to equations (25), 
taking into account the footnote on p. 228. EULER’s equations 
are then 


Adp|dt + (C — A)wq(1 — w) = w(C — A)n(1 — w), ) i 


* If the distribution of the deformations over the earth’s surface is represented by an 
expansion in harmonic functions, it is found that only the second-order tesseral harmonics 
appear in D and E, and therefore contribute to the motion of the pole; thus only the daily 
ocean tides can be of importance. If, however, we consider changes in the speed of rotation 
(or C’ — C), only the zonal harmonics will be involved (e.g. the long-period tides). 
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These are conveniently combined as 


d 


C—A 


2 
jee (1 — w)o = = (rt = Chandler’s period). 


Here x = p/w and y = g/w are the co-ordinates of the instantaneous pole of 
rotation, as published by the International Latitude Service, and &, 7 are those 
of the instantaneous pole of inertia in the tangent plane at the mean pole. 
Calculations by many authors, based on meteorological data, show that the 

displacement of the pole of inertia is almost linear. Let us assume, rather more 
generally, that it is an ellipse of axes A and k, putting 

E+ in = ne! + n’'e-*, gg = 2a /T. 

‘ 

Taking the initial time t = 0 to be the moment when the pole of inertia passes 
through the end of one of the axes, we have 
fort =0 
for t= 47 
and the general integral of equation (39) is then 

x + iy mae Rext oF met + met, 
with 





»s #4) 


, Z , 
m= n= 


7 +2 





taking as unit of time the tropical year, i.e. 27/a = T= 1. The term Re***, 
which is an integral of the equation with the right-hand side replaced by zero, 
is the circular Chandlerian motion, the “free” motion. The other two terms 
show that the pole of rotation describes an ellipse whose amplitude depends on 
that of the motion of the pole of inertia and on the period of the free motion; 
this is a “forced’’ motion. The axes of this elliptic component are 





fort =0 
... (42) 





fort = 47 


showing that the major axis of the ellipse described by the pole of rotation is 
perpendicular to the major axis of that described by the pole of inertia, and that 
the motions are opposite in phase; these results were obtained by KLEIN and 


SOMMERFELD. ‘*?) 
The relations (41) and (42) express mathematically the resonance effect on 
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the annual component of the motion of the pole of rotation. We see that, 
because of the difference between the free and forced periods in the denominator, 
the amplitudes are multiplied by about 6; this explains why quite small mass 
displacements can have a perceptible effect on the motion of the pole, since their 
period is fairly close to the free period. It is also seen that phenomena of very 
short period, such as the daily tides, have a negligible effect because of the great 
difference between their periods and the free period. 


8. COMPARISON BETWEEN ANALYSIS OF 
OBSERVATION AND THEORY 


1. Harmonic analysis of the motion of the pole. We here consider only those 
analyses which make no a priori assumption regarding the nature of the motion, 
unlike the methods of Dyson, JEFFREYS, and YOUNG, and of MELCHIOR. Thus 
we are concerned with ordinary harmonic analysis and the periodogram. The 
work that has been done by these methods is very extensive and we shall give 
only the most recent and most detailed results, due to NICOLINI.™) They can be 
summarized by two statistical laws: 

(a) The period and amplitude of the circular (CHANDLER) motion vary 
together and in the same direction. The correlation coefficient, according to 
NICOLINI™) is 0-88; 7 varies from 1-13 to 1-20 year, R from 0°065 to 0220. 

(b) The annual period is constant, but the amplitude of this component is 
variable; a large amplitude of the annual motion corresponds to a short 
Chandlerian period, and vice versa. POLLAK and HANEL'*) were the first to 
point out this important correlation. 

In 1918 H. Kimura® investigated some old series of latitude observations, of 
date previous to KUSTNER’S discovery, going back to the time of BRADLEY and 
mainly consisting of long series from Pulkovo and Greenwich. He found for the 
period and amplitude of the Chandler motion some wholly empirical formulae 
which give astonishingly good values for the variations observed between 1919 
and 1955. In particular, Kimura thus predicted the great minimum of period 
and amplitude from 1922 to 1933 and the maximum of 1945-49. It thus seems 
difficult to suppose that these variations are the result of chance perturbations. 
The variations observed in the curves published by the International Latitude 
Service are confirmed in the independent observations from Greenwich, Pulkovo, 
and Washington. Attempts have been made to explain these variations in two 
different ways, which we shall now discuss in turn. 

2. Hypothesis of a strongly damped free motion. According to BRILLOUIN,°”) | 
Dyson, °°) JEFFREYS, and WALKER and YOUNG™®), and CouLoms,'*”) the free 
motion of the pole is strongly damped, resulting in a rapid diminution in the am- 
plitude of the Chandler component. Thus the motion is thought to be maintained 
by sudden irregular impulses due to large perturbations on or in the earth. These 
regenerations of the motion, occurring at random intervals, cause large vari- 
ations of phase, and the latter are reflected in apparent variations in the 
Chandlerian period. 

One difficulty in this interpretation is that no agency has yet been found, 
either in the atmosphere or inside the earth, sufficiently powerful to so maintain 
the free motion(, p. 199"), 

The above authors have attempted to find both the exact value of the 


16 
\ 
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Chandlerian period and the relaxation time of the damping. To do so, they 
assume that the motion follows a Yule auto-regression scheme: 


Xnt1 — &Xy, + BYn ps 


2+. (43 
Vnti — &Yn — Bx, = 0, é 


a = e" cos yh, 

B = e sin yh, 

which implies that the motion of the instantaneous pole of rotation obeys the 
system of differential equations 

dx/dt + Ax + yy = 0, 


dy/dt + Ay — yx =0; 7 


here t = 27/7 is the Chandlerian period and T = 27/A the relaxation time (after 
which the amplitude is reduced by a factor e~! = 0-37). An auto-correlation 
analysis on this basis has recently been made by WALKER and YouNG™® for all 
the definitive data available, and leads to the following results: 
T = 2n/y = 462 days, 
T = 2n/A = 3 years, 
both of which are rather surprising values. 
Table 1 shows that r = 462 days gives k = 0-32, in marked disagreement with 
the value obtained from various terrestrial tide phenomena :*) 
deviations of the vertical 1+k—h=0724 0-02 
variations of the force of gravity 1 + h — 3k = 1:18 + 0-02 


«+ (45) 


whence 
k = 0:20 + 0-08. ....(46) 


It seems difficult to reconcile the above relaxation time with what we know of 
the earth’s viscosity. The study of the Finno-Scandian isostatic system by 
VENING MEINESZ and by NISKANEN has given an estimate of the viscosity of the 
upper layers of the mantle. These authors have found that the viscosity coeffi- 
cient » must be of the order of 4 x 10” poises. If we take MAXWELL’s law of 
elasticity and viscosity (a purely mathematical combination of HooKke’s and 
NEwTON’s laws), and a mean value of the earth’s shear modulus uw = 18 x 104 
dynes/cm?, we find for the relaxation time 


T = »/u = about 800 years. 


We can obviously criticise the use of MAXWELL’s law, which is merely a 
mathematical conjecture unsupported by laboratory experiments’ (and other 
laws of the same kind have been devised). However, MELCHIOR™) has drawn 
attention to the fact that the relations (43) and (44) imply the existence of a 
mathematical relation between the idea of elasticity (represented by the Chand- 
lerian period) and that of viscosity (represented by the damping), and that this 
relation is just MAXWELL’s law. MELCHIOR thinks that the equations (44) may 
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well give a conventional* mathematical representation of the motion of the pole 
in terms of parameters 7 and A, but that the latter do not necessarily have any 
physical significance. 

In the same work, MELCHIOR points out that, if we assume a relaxation time of 
three years, the resonance acting on the annual component is much reduced, and 
in this case we must assume annual displacements of the pole of inertia whose 
amplitude is twice that needed in the case of small damping (relaxation time not 
less than twenty years). If we also allow for the lengthening of the Chandlerian 
period to 462 days, the amplitude of motion of the pole of inertia is to be in- 
creased by a factor of three. 

Using the theory of forced annual motion of the pole, an experimental analysis 
of the path of the pole of rotation gives for the amplitude of motion of the pole 
of inertia 

H=0°012 K=0*040, 


which, with a relaxation time of three years and a period of 462 days, gives 


: H = 0°036 K = 0°120. 


However, the work of JEFFREYS and of ROSENHEAD, based on a calculation of the 
products of inertia D, E from all known annual displacements of mass, gave‘4® 


H = 0°010 K = 0°044, ... (47) 


while a more recent study by MUNK and Groves'®) brings in the effect of winds 
by exchange of motions and by the pressure of winds against mountain ranges 
(chiefly the Himalayas). These authors find 


H=001l K=0114, ... .(48) 


but the uncertainties in the data render these values very doubtful. The effect of 
the Himalayas (0°015 in K) is based almost entirely on hypothesis. Moreover, 
the authors boldly conclude that astronomical observation is the most exact 
method of investigating various fundamental modes of annual oscillation of the 
atmosphere! It seems to us that this hope is betrayed by the importance of 
damping. 

In another very recent work, BONDI and GoLp‘**) have tried to place the cause 
of the strong damping in the physical structure of the earth’s interior. They 
reached the important conclusion that the damping cannot be due to relative 
motions of the liquid core and the mantle, since the moment of inertia of the 
core is much too small (the same objection being valid for the atmosphere and 
for the hydrosphere). This restricts the origin of the damping to some inelastic 
behaviour of the mantle. The analytical form of the law of deformation is thus 
again in doubt, and it must be remembered that WALKER and YOUNG’s analysis 
implicitly assumes the mathematical form of this law. 

3. Hypothesis of a slightly damped free motion with variable characteristics. 
The majority of authors support the theory that the Chandlerian period and 
the amplitudes of the two components of the polar motion are variable. They 


* JEFFREYS remarks that the data are not in good agreement with what would be expected 
on YULE’s model; it seems that the irregular perturbations by no means follow the normal 
law of error (The Earth, 3rd ed., p. 210). 
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include CHANDLER himself, KIMURA, BERG, BACKLUND, WAHL, STUMPFF, 
WITTING, LEDERSTEGER, HATTORI, NICOLINI, MELCHIOR, and others. These 
authors ascribe the variations in general to the interference of numerous com- 
ponents whose origin is, unfortunately, somewhat obscure. 

This interpretation has the advantage that it fully explains the amplitude 
variations of the annual component, as has been shown by MELCuHIoR,'*) who 
postulates a variation of the resonance effect following the variation of the free 
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Fig. 7. Representation of the variable resonance effect from the Chandlerian period + 
on the axes of the elliptic forced annual motion. The cubic arcs shown satisfy 
equations (42), with the constants n and n’ determined by least squares from the data 
in Table 2: 

ar* — a = 0"-0407? — 0”-011 

br? — b = — 0°-012r? + 0"-039. 


On comparing with previously published curves,'*”) we see the improvement resulting 
from the use of CARNERA’sS definitive co-ordinates. 


period. To do so, it suffices to consider equations (41) and (42); they are 
replaced by cubic equations in a and 7 or b and 7, and MELCHIOR has shown that 
the numerical values obtained from harmonic analyses satisfy these equations 
remarkably well (Table 2 and Fig. 7). Thus POLLAK and HANEL’s correlation is 
theoretically justified. 

Using this result, MELCHIOR has employed the resonance effect to investigate 
in detail the variations of the Chandlerian period. Since the area of the ellipse, 
being the product ab = an*/(r — 1)? (to a sufficient approximation), is much 
more sensitive to variations in amplitude due to the resonance effect, it suffices 
to compare (with a planimeter) the areas of the annual ellipses described at 
various times to obtain the ratio of the Chandlerian periods at those times. 
Starting from a time when this period and the amplitude of the annual compo- 
nent are well known (by harmonic analysis), we thus easily obtain the charac- 
teristics for all the times concerned. The difficulty in applying harmonic analysis 
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Table 2 





Axes of annual 


Interval Chandler Amplitude of component 
analysed period + Chandler motion R 








00-0-05:9 1%186 
020-079 _- 1-192 
03-0-09-9 1-181 
04-0-10-4 1-184 
06°5-13°4 1-196 





07-0-13-9 - 1-200 
07:5-14-4 1-190 
10-6-15-9 1-188 
11-0-16-4 1-184 
12:0-18°9 1-172 





13-0-19-9 1-178 
13-5-20°4 1-165 
16-7-22°6 1-170 
18-0-24-9 | 1-172 
19-0-25-9 1-167 








20-0-27:9 | 1-160 
20:7-28°6 | 1-151 
21-7-28°6 1-148 
25-0-33-9 1-145 
26-0-34-9 1:143 


27-0-34-9 1-136 
28-0-35-0 1-145* 
29-0-36°9 1-136 
29-0-37°9 1-136 
30-0-37°9 1-133 


30-0-38:9 1-127 | 
31-0-38-9 1-131 | 069 
31-0-39-9 1-127 | 065 
320-399 1-139 | 068 
33-0-39-9 1-154 | 068 


34-0-40-9 1-156 066 
37-0-42:9 1-165 066 
39-0-45:9 1-169 106 
40-0-45:9 1-199 
42:4-48:9 1-201 174 
43-0-48'9 1-186 171 





(46:0-51-9) 1-183 230 














* The analyses for the years 1935-0-41:9 have been recalculated, using definitive co- 
ordinates kindly communicated by Prof. CaRNERA. They contain a particularly noticeable 
correction for intervals originally thought doubtful' and in part rejected. 
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to the motion of the pole is that we do not know one of the periods 7 a priori and 
that this analysis holds only if applied to the interval of commensurability 


A =77/(r — T), .. (49) 


which is not known beforehand. Thus many results must be rejected if the value 
found for 7 and the length A of the interval analysed do not satisfy this relation. 
The very rapid method based on the resonance effect enabled MELCHIOR to 
analyse more than 140 intervals in the years 1900-1950, of which forty satisfied 
the criterion (49). Once the Chandlerian period is known, the amplitude of this 
component is easily calculated. The results are shown in Table 2. They are in 
complete agreement with those obtained by NICOLINI and others using harmonic 
analysis, which does not assume the mathematical law obeyed by the phenomenon. 

The numerical values in Table 2 enable us to calculate the amplitude of the 
annual motion of the pole of inertia. To do so, we need only apply formulae 
(42). MELCHIOR finds 

n=+0°014 nn’ =+0°026, 

whence H = 0°012 K = 0°040, 0 ew 


in exact agreement with the results obtained by JEFFREYS and ROSENHEAD'‘®) 
from meteorological charts, but in some disagreement with MUNK and 
Groves’s'4®) value of K, obtained by taking account of wind effects (though with 
some uncertainty, as we have already remarked). 

In every case we have an extremely narrow ellipse (e = 0-936), with the major 
axis towards Asia. The orientation of the major axis of the ellipse described by 
the pole of rotation is, according to MELCHIOR’s analysis of experimental curves, 
27° 39’ W (probable error 12°), a very interesting direction, since the correspond- 
ing meridian divides the earth very unsymmetrically: Eurasia, Africa, Indonesia, 
and Australia lie in one part; the Pacific Ocean, the Americas, and Greenland in 
the other. It cuts the Antarctic continent along its axis of greatest asymmetry, 
passing through the two deep cavities occupied by the Ross Sea and the Weddell 
Sea. 
This asymmetry must have a very important effect on the annual motion of 
the pole. The meteorological phenomena over the oceans are more regular than 
over the continents, and in addition there is a pressure compensation, though 
not an immediate one, over the oceans, owing to the mobility of the waters. In 
winter, Asia is a centre of high pressure, while America is one in summer. 
Again, the similar and very marked asymmetry of the Antarctic continent will 
cause mass displacements unsymmetrical about the pole when ice extending far in 
latitude melts. These two effects together determine the direction of displace- 
ments of the pole of inertia and so the direction of the major axis of the ellipse 
described by the pole of rotation. 

From meteorological charts HuAUx"*”) has obtained a major axis of motion of 
the pole of inertia along the meridian of 62° 17’ E. Thus KLEIN and SOMMER- 
FELD’s theorem that the two axes are perpendicular holds to within 4’! 

MELCHIOR has noted an interesting correlation between the phase of the annual 
component of the motion of the pole and that of the annual component of the 
variation in the rate of the earth’s rotation.’ He finds a very slight delay 
relative to the astronomical seasons, of 9-011 yr = 4 days for the annual motion 
of the pole and 0-022 yr = 8 days for the annual fluctuation of the speed of 
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rotation. These two phenomenon are, of course, related to seasonal phenomena, 
and though the delay seems insignificant it is not unexpected, since the pheno- 
menon in question is due to an accumulation or dissipation of energy by the 
atmosphere. 

Finally, the results in Table 2 enable us to calculate again the correlation 
coefficient between 7 and R from more data. We find r(7, R) = 0°81 + 0-06 
(mean error). Using this result, MELCHIOR has re-examined KIMURA’S empirical 
formulae,"°® which give periods of 80, 50, 27, and 20 years. No trace of the 
familiar eleven- and eighteen-year periods is found. 

Thus the annual component seems to be very satisfactorily represented and 
explained. However, we still have to explain the origin of the variations in the 
Chandler component. According to MELCHIOR, the close correlation between R 
and ¢ suggests an interference phenomenon, and the observations can be repre- 
sented by the interference of two waves, one of period 1-183 yr and amplitude 
0°250 and the other of period 1-233 yr and amplitude 07087. MELCHIOR has put 
forward the possibility of a dissociation between the core and the mantle, whose 
very different physical natures should result in very different elastic reactions 
when they are subjected to a perturbing potential (just as there is a Chandlerian 
tide in the ocean relative to the crust). A similar idea has been put forward by 
FasrE,"4®) who suggests a model of the earth composed of differentially rotating 
layers, leading to an interference of a series of precession cones such as might 
explain the great geological drifts of the poles. The study of terrestrial magnetism 
has also led several authors to consider a relative motion of the core and the 
mantle. We may mention that Hattori, StoyKo,*” and SEKIGUCHI) think 
there is a correlation between the secular variations of the earth’s rotation, the 
variation in the characteristics of the Chandlerian motion, earthquakes, and the 
earth’s magnetism. 

Thus the second way of regarding the motion of the pole does not lead to an 
unobjectionable solution either: the explanation of the variations in the 
Chandlerian period is unconvincing. 

4. Dynamical effects of a liquid core. The liquidity of the core is shown by 
seismology; it has important effects on the dynamics of the motion of the pole. 
Poincare‘) showed that, for a fluid core and a completely rigid mantle, the 
Euler period is reduced (to about 270 days), and not increased as Chandler found. 
This is explained by the fact that the oscillations are communicated to the core, 
and the latter’s inertia plays only a negligible part in determining the period; 
this is (A — A,)/(C — A), where A, is the moment of inertia of the core. 

JEFFREYS'**) has re-examined this problem in a number of notable papers, and 
has shown that, if we take a reasonable elasticity (19 x 10" cgs) for the mantle, 
the motion induced in the core is much reduced, and so theory and observation 
can be again reconciled. However, another difficult problem arises, namely that 
of the value of the constant of nutation. The observational value of this is 
9°2109 + 070023, considerably below the theoretical value of 9°2272 + 0°0012. 
JEFFREYS shows that, if we construct a fluid-core theory, the theoretical value is 
reduced—but three or four times too much! Allowing for the considerable 
obliquity of the ecliptic, he somewhat reduces the correction to the nutation in 
latitude, but correspondingly increases still further the correction to the nutation 
in longitude. It should again be noted that the diurnal earth tides, and these 


alone, are affected by the fluidity of the core. 
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Thus far the theory goes at present. We see that it would be desirable, in 
particular, to conduct new observational studies of the constant of nutation. 
Here again the International Latitude Service seems the best equipped for the 
purpose. 

CONCLUSION 
The study of the physical properties of the earth’s interior is thus very involved, 
and the analysis of the motion of the pole is but one facet of a problem which 
simultaneously concerns seismology, earth tides theory,  isostasy, and meri- 
dian astronomy. We have outlined the application of these various branches, 
but a more detailed discussion is beyond the scope of the present article, and the 
reader is referred to the bibliography. 

In any event, geophysicists can only encourage to the utmost the carrying out 
of these astronomical observations, which often require considerable devotion 
on account of their being made at stations that are far from the great centres of 
research. Let us honour these careful, experienced, and tenacious observers, to 
whom we owe the rich bounty of information acquired by the vast labours of the 
International Latitude Service; and let us beware lest their work be discouraged 
by misunderstandings. Above all, let us salute the eminent directors of the 
service, to whom we owe such profound studies of all these observations and of 
the methods of reducing them. 

We may hope that a general examination of the polhode from 1900 to date will 
soon be possible by the use of a homogeneous star catalogue, a unified method 
of reduction, and improved values of the fundamental constants of astronomy. 

Sincere thanks are due to Professors Cox, CECCHINI, and NICOLINI, whose 
wise counsels have continually guided my work in this domain belonging both 
to astronomy and to geophysics. 
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